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Libre de Bruxelles, Brussels, Belgium

THOMAS P. RUSSELL, Department of Polymer Science, University of Massachusetts,
Amherst, Massachusetts, U.S.A.

DONALD G. TRUHLAR, Department of Chemistry, University of Minnesota,
Minneapolis, Minnesota, U.S.A.

JOHN D. WEEKS, Institute for Physical Science and Technology and Department of
Chemistry, University of Maryland, College Park, Maryland, U.S.A.

PETER G. WOLYNES, Department of Chemistry, University of California, San Diego,
California, U.S.A.



ADVANCES IN
CHEMICAL PHYSICS

VOLUME 138

Series Editor

STUART A. RICE

Department of Chemistry

and

The James Franck Institute

The University of Chicago

Chicago, Illinois

WILEY-INTERSCIENCE

A JOHN WILEY & SONS, INC. PUBLICATION



Copyright � 2008 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey

Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any

form or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise,

except as permitted under Section 107 or 108 of the 1976 United States Copyright Act, without

either the prior written permission of the Publisher, or authorization through payment of the

appropriate per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,

MA 01923, (978) 750-8400, fax (978) 750-4470, or on the web at www.copyright.com. Requests to

the Publisher for permission should be addressed to the Permissions Department, John Wiley &

Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008, or online at

http://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best

efforts in preparing this book, they make no representations or warranties with respect to the

accuracy or completeness of the contents of this book and specifically disclaim any implied

warranties of merchantability or fitness for a particular purpose. No warranty may be created or

extended by sales representatives or written sales materials. The advice and strategies contained

herein may not be suitable for your situation. You should consult with a professional where

appropriate. Neither the publisher nor author shall be liable for any loss of profit or any other

commercial damages, including but not limited to special, incidental, consequential, or other

damages.

For general information on our other products and services or for technical support, please contact

our Customer Care Department within the United States at (800) 762-2974, outside the United

States at (317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print

may not be available in electronic formats. For more information about Wiley products, visit our

web site at www.wiley.com.

Library of Congress Catalog Number: 58-9935

ISBN: 978-0-471-68234-9

Printed in the United States of America

10 9 8 7 6 5 4 3 2 1



CONTRIBUTORS TO VOLUME 138

STUART C. ALTHORPE, Department of Chemistry, University of Cambridge,

Cambridge, CB2 1EW, UK

GABRIEL G. BALINT-KURTI, School of Chemistry, University of Bristol, Bristol

BS8 1TS, UK

DAVID S. BOUCHER, Department of Chemistry, Washington University in

St. Louis, One Brookings Drive, CB 1134, St. Louis, MO 63130 USA

ALEX BROWN, Department of Chemistry, University of Alberta, Edmonton,

AB, T6G 2G2, Canada

JUAN CARLOS JUANES-MARCOS, Leiden Institute of Chemistry, Gorlaeus Labora-

tories, Leiden University, P.O. Box 9502, 2300 RA Leiden, The

Netherlands

RICHARD A. LOOMIS, Department of Chemistry, Washington University in

St. Louis, One Brookings Drive, CB 1134, St. Louis, MO 63130 USA

R. B. METZ, Department of Chemistry, University of Massachusetts Amherst,

Amherst, MA 01003 USA

HIROKI NAKAMURA, Institute for Molecular Science National Institutes of Natural

Sciences, Myodaiji, Okazaki 444-8585, Japan

DAVID L. OSBORN, Combustion Research Facility, Sandia National Laboratories,

Livermore, CA 94551-0969 USA

IVAN POWIS, School of Chemistry, University of Nottingham, Nottingham NG7

2RD, UK

ECKART WREDE, Department of Chemistry, University of Durham, South Road,

Durham, DH1 3LE, UK

SHIYANG ZOU, School of Chemistry, University of Bristol, Bristol BS8 1TS, UK

v



This Page Intentionally Left Blank



INTRODUCTION

Few of us can any longer keep up with the flood of scientific literature, even
in specialized subfields. Any attempt to do more and be broadly educated
with respect to a large domain of science has the appearance of tilting at
windmills. Yet the synthesis of ideas drawn from different subjects into new,
powerful, general concepts is as valuable as ever, and the desire to remain
educated persists in all scientists. This series, Advances in Chemical
Physics, is devoted to helping the reader obtain general information about a
wide variety of topics in chemical physics, a field that we interpret very
broadly. Our intent is to have experts present comprehensive analyses of
subjects of interest and to encourage the expression of individual points of
view. We hope that this approach to the presentation of an overview of a
subject will both stimulate new research and serve as a personalized learning
text for beginners in a field.

STUART A. RICE
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I. INTRODUCTION

Research over the past 15 years has established that conical intersections (CIs)

are much more common than previously thought, and that they play a central

role in photochemistry [1, 2]. The main role of a CI is to act as a funnel,

transferring population between the upper and lower adiabatic electronic states.

This effect has been studied extensively, and is well known to be caused by the

derivative coupling terms between the two electronic surfaces [3], which are

singular at the CI. However, an accompanying effect, which has received less

attention, is the so-called geometric (or Berry) phase (GP), in which the

adiabatic electronic wave function changes sign upon following a closed loop

around the CI [4–9]. This effect is particularly interesting when the system is

confined to the lower adiabatic surface, since it is then the only nonadiabatic

effect produced by the CI.

The GP affects the nuclear dynamics by introducing a corresponding sign

change in the continuity boundary condition, which cancels out the sign change

in the electronic wave function (in order to keep the total wave function single

valued). In a model particle-on-a-ring system, with the CI at the center of the

ring, the GP boundary condition changes the allowed values of M in the nuclear

wave function, expðiMfÞ, from integer to half-integer values. The GP brings

about analogous changes in the quantum numbers and energy levels of more

realistic systems, and some of these have been predicted and observed in a

variety of Jahn–Teller molecules [10–13]. One can say with some confidence,

therefore, that the effect of the GP on the nuclear wave function of a bound-state

system is well understood.

Until very recently, however, the same could not be said for reactive systems,

which we define to be systems in which the nuclear wave function satisfies

scattering boundary conditions. It was understood that, as in a bound system, the

nuclear wave function of a reactive system must encircle the CI if nontrivial GP

effects are to appear in any observables [6]. Mead showed how to predict such

effects in the special case that the encirclement is produced by the requirements

of particle-exchange symmetry [14]. However, little was known about the effect

of the GP when the encirclement is produced by reaction paths that loop around

the CI.

Very recently, this state of affairs has changed, and there is now a good

general understanding of GP effects in gas-phase reactions. This has come about

mainly through detailed reactive-scattering studies, both theoretical [15–37]

and experimental [30–39], on the prototype hydrogen-exchange reaction

(HþH2! H2þH). This is the simplest reaction to possess a CI, and at

high energies (> 1:8eV above the potential minimum) it is just possible for

some reaction paths to encircle the CI. Reactive-scattering calculations are

difficult, and the first calculations that included the GP boundary condition were

2 stuart c. althorpe, juan carlos juanes-marcos, and eckart wrede



reported by Kuppermann and co-workers in the early 1990s [15–19]. These

calculations predicted large GP effects at high energies, but unfortunately these

predictions were not reproduced by later calculations [20–29], nor, most

crucially, by experiment [30–39]. Instead, the experiments found no evidence at

all of GP effects in the HþH2 reaction. Detailed scattering data from the

experiments agreed quantitatively with theoretical predictions that omitted the

GP boundary condition.

This negative result seemed to imply that HþH2 could not be used to

investigate the effect of the GP because the nuclear wave function does not

encircle the CI. However, a series of calculations by Kendrick [20–22] yielded a

surprising result, which we will refer to in this chapter as the ‘‘cancellation

puzzle’’. This is that GP effects appear in the scattering observables at specific

values of the total angular momentum quantum number J, but cancel on

summing over J to give the full reactive scattering wave function (describing a

rectilinear collision of the reagents). This is puzzling because the sum over J is a

unitary transformation in the external, angular, degrees of freedom, which

describe the scattering of the products, and there is no direct relation linking this

space to the GP boundary condition (which acts on the internal degrees of

freedom describing motion around the CI).

This chapter surveys the work we did [25–29] to solve the cancellation

puzzle, and the general explanation of GP effects in reactive systems that

came out of it [27,28]. The latter uses ideas that were introduced in the late

1960s in Feynman path-integral [40] work on the analogous Aharonov–Bohm

effect [41–45]. These early papers seem to have passed unnoticed in the

chemical physics community, perhaps because they are written in the

language of path-integral theory and algebraic topology. However, the central

result of this work is surprisingly simple, and can be derived without path-

integrals [27,28]. It is that the nuclear wave function has two components,

and that the sole effect of the GP is to change their relative sign. One

component contains all the Feynman paths that loop an even number of times

around the CI; the other contains all the paths that loop an odd number

of times.

In Section II, we introduce this central result, deriving it first without path

integrals, by using a diagrammatic representation of the nuclear wave function;

we then give a heuristic summary of the ideas behind the early Aharonov–Bohm

papers, and show how they can be combined with the diagrammatic approach.

In Section III, we describe in detail the solution to the cancellation puzzle in

HþH2, which demonstrates how to explain GP effects in a reaction in terms of

the even- and odd-looping Feynman paths. In Section IV, we discuss some

further aspects of the topology, explaining the effect of particle-exchange

symmetry, and the difference between GP effects in bound and reactive systems.

Section V concludes the chapter.

the influence of the geometric phase on reaction dynamics 3



II. UNWINDING THE NUCLEAR WAVE FUNCTION

A. Topology and Encirclement

We will consider a system with N nuclear degrees of freedom, which possesses

one CI seam [1,2] of dimension N � 2. The topology of the nuclear space can

then be represented schematically as shown in Fig. 1 [28]. The line at the center

represents every CI point in the seam. Each circular cut through the cylinder

represents the two degrees of freedom in the nuclear ‘‘branching space’’, in

which the adiabatic potential energy surfaces have the familiar double-cone

shape, centred about the CI point. We assume that the seam line extends

throughout the entire region of energetically accessible nuclear coordinates

space. We also assume that the system is confined to the lower (adiabatic)

electronic state, because it has insufficient energy to approach the region

of strong coupling with the upper state close to the conical intersection. The CI

seam line is therefore surrounded by a tube of inaccessible coordinate space.

We then define an internal coordinate f such that f ¼ 0! 2p denotes a a

path that has described one complete loop around the CI in the nuclear

branching space. Other than this, we need specify no further details about f.
We do not even need to specify whether the complete set of nuclear

coordinates give a direct product representation of the space. It is sufficient

that f permits us to count how many times a closed loop has wound around

the CI. Using this definition of f, we can express the effect of the GP on the

ϕ

N
 –

 2

)c()b()a(

Figure 1. (a) Diagram illustrating the topology of the N-dimensional nuclear coordinate space

of a reactive system with a CI. The vertical line represents the ðN � 2Þ-dimensional space occupied

by the CI seam. The gray disk represents a two-dimensional (2D) branching-space cut through

one point on the seam, with the angle f describing internal rotation around the CI. (b) A nuclear

wave function that wraps around the CI, but is not a torus, and thus exhibits only trivial GP effects.

(c) A torus-shaped nuclear wave function encircling the CI. The ‘‘arms’’ are to be understood

as extending to infinity, and are the portions of the wave function in the reagent and product

channels.

4 stuart c. althorpe, juan carlos juanes-marcos, and eckart wrede



adiabatic ground-state electronic wave function �ðfÞ and the nuclear wave

function �ðfÞ as

�ðfþ 2npÞ ¼ ð�1Þn�ðfÞ ð1Þ
�ðfþ 2npÞ ¼ ð�1Þn�ðfÞ ð2Þ

The dependence on the other N � 1 nuclear degrees of freedom has been

suppressed.

The effects of the GP are therefore the differences between the nuclear

dynamics described by the wave function

�GðfÞ ¼ ð�1Þn�Gðfþ 2npÞ ð3Þ

which correctly includes the GP boundary condition, and the wave function

�NðfÞ ¼ �Nðfþ 2npÞ ð4Þ

which ignores it (and is therefore physically incorrect). It is well known in the

literature that the GP will only produce a nontrivial effect on the dynamics

when �GðfÞ encircles the CI. Otherwise the effect is simply a change in the

phase of �NðfÞ, which has no effect on any observables. Hence, throughout

this chapter, we are seeking to explain how the dynamics described by �GðfÞ
differs from the dynamics described by �NðfÞ, when these wave functions

encircle the CI.

It is worth clarifying what is meant by encirclement. As already mentioned,

the nuclear coordinates need not form a direct product, and in fact the notion of

taking a cut through the nuclear coordinate space, in order to see whether

�GðfÞ encircles the CI in this cut, is not useful. Figure 1(b) shows a nuclear

wave function which, if a certain choice of nuclear coordinates were used, could

easily be made to ‘‘encircle’’ the CI if a suitable 2D cut were taken. However,

this particular wave function would not show nontrivial GP effects, because it

does not encircle the CI: it has unconnected ‘‘ends’’. For nontrivial GP effects to

appear, j�GðfÞj2 must have the form of a torus in the nuclear coordinate space,

as shown in Fig. 1(c). If one were to take a series of branching-space cuts

through this wave function, none of them would encircle the CI, and hence one

might get the mistaken impression that this wave function would only show a

trivial phase change upon inclusion of the GP boundary condition. However, the

wave function of Fig. 1(c) would definitely show strong, nontrivial GP effects.

There are various ways in which one can prove this and we will mention one

below. It is important to emphasise that it is j�GðfÞj2, which has the form of a

torus and not the wave function �GðfÞ.

the influence of the geometric phase on reaction dynamics 5



B. Symmetry Approach

To explain the effect of the GP on the nuclear dynamics [i.e., to explain the

difference between the dynamics described by an encircling �GðfÞ and an

encircling�NðfÞ], we need to compare the topology of�GðfÞwith the topology
of �NðfÞ. In Section II. C, we review how this can be done using the homotopy

of the Feynman paths [41–45] that make up these wave functions. But first, to

demonstrate the simplicity of the problem, we use the diagrammatic approach

developed in Refs. [27 and 28].

We represent the internal coordinate space occupied by the nuclear wave

function as shown in Fig. 2. The gray area represents the energetically

accessible region of the potential energy surface; the conical intersection is the

point at the center; the arms represent the reagent entrance and product exit

channels. To simplify the discussion, we place a restriction on f (which will be

relaxed later), stating that f tends to a constant value as the system moves down

the entrance or exit channel toward an asymptotic separation of the reagents or

products. This places no restriction on the generality of the diagram, other than

that the conical intersection should be located in the ‘‘strong-interaction region’’

of the potential energy surface, where all the nuclei are close together. Note that,

although we have restricted the number of product channels to one, the diagram

is immediately generalizable to systems with multiple product channels. We

also assume that the reaction is bimolecular (leaving unimolecular reactions

until Section II.D), which means that it is initiated at the asymptotic limit of the

reagent channel, at the value of f that is reached in this limit. We will define this

to be f ¼ 0.

(a) (b)

Figure 2. (a) Schematic picture of the potential surface of a reactive system, indicating that

there is an energetically accessible (gray) ‘‘tube’’ through the potential surface, permitting

encirclement of the CI (dot at center). The ‘‘arms’’ are the reagent and product channels. (b) The

same surface, represented in the 0! 4p cover space. The rectangle represents a 0! 2p sector that

can be cut out of the double space so as to map back onto the single space, where the f ¼ 0 and

f ¼ 2p ‘‘edges’’ are joined together at the cut line (chains).

6 stuart c. althorpe, juan carlos juanes-marcos, and eckart wrede



Figure 2(b) represents the potential surface of the identical system, mapped

onto the double-cover space [28]. The latter is obtained simply by ‘‘unwinding’’

the encirclement angle f, from 0! 2p to 0! 4p, such that two (internal)

rotations around the CI are represented as one in the page. The potential is

therefore symmetric under the operation R̂2p defined as an internal rotation by

2p in the double space. To map back onto the single space, one cuts out a 2p-
wide sector from the double space. This is taken to be the 0! 2p sector in

Fig. 2(b), but any 2p-wide sector would be acceptable. Which particular sector

has been taken is represented by a cut line in the single space, so in Fig. 2(b) the

cut line passes between f ¼ 0 and 2p. Since the single space is the physical

space, any observable obtained from the total (electronicþ nuclear) wave

function in this space must be independent of the position of the cut line.

To construct a diagrammatic representation of the wave function, we start in

the double space, as shown in Fig. 3a. The arrow at the top indicates that the

incoming boundary condition is applied here, and the arrows at each of the other

channels indicate outgoing boundary conditions. Note that we are treating the

second appearance of the reagent channel (at f ¼ 2p) as though it were a

product channel, and are treating the second appearance of the product channel

(in the 2p! 4p sector) as though it were physically distinct from the first

appearance of this channel, which is indicated by the use of wavy lines.

Consequently, the wave function �e is neither symmetric nor antisymmetric

under f! fþ 2p, which means it cannot be mapped back onto the physical

space independently of the position of the cut line. In other words �e is the

wave function of a completely artificial system.

To construct wave functions that can be mapped back onto the physical

space, one needs to take symmetric and antisymmetric linear combinations of

�eðfÞ and �oðfÞ ¼ �eðfþ 2pÞ, and these are illustrated in Fig. 3b. It is then

(a) (b) (c)

Figure 3. (a) The unsymmetrised nuclear wave function �e (solid line) in the double space. The

arrows indicate the application of incoming and outgoing scattering boundary conditions, (b) The

symmetrized linear combinations of�e (solid) and�o (dashed), which yield�N=G ¼ 1=
ffiffiffi
2
p ½�e ��o�.

(c) The same functions mapped back onto the single space.

the influence of the geometric phase on reaction dynamics 7



clear that these functions can mapped onto the physical space (Fig. 3c), and that

they correspond to �N and �G, respectively. Thus we may write,

�G ¼ 1ffiffiffi
2
p ½�e þ�o�

�N ¼ 1ffiffiffi
2
p ½�e ��o�

ð5Þ

This equation is the main result needed to explain the effect of the GP on the

nuclear dynamics of a chemical reaction. Clearly, the sole effect of the GP is to

change the relative sign of �e and �o. Within each of these functions the

dynamics is completely unaffected by the GP. We emphasize that, despite

remaining unnoticed for so long in the chemical physics community, Eq. (5) is

exact.

If we can compute �G and �N numerically (as described below), it is

therefore trivial to extract �e and �o by evaluating

�e ¼ 1ffiffiffi
2
p ½�N þ�G�

�o ¼ 1ffiffiffi
2
p ½�N ��G�

ð6Þ

Once one has extracted�e and�o, an explanation of the GP effect on the nuclear

dynamics will follow immediately. The dynamics in �e is decoupled from the

dynamics in �o, and thus any observable will show GP effects only if the

corresponding operator samples �e and �o in a region of space where these

functions overlap. In a nonencircling nuclear wave function, �e and �o never

overlap, and this gives us a diagrammatic proof (Fig. 4) of the well-known result

that a nonencircling wave functions shows no nontrivial GP effects.

(a) (b)

Figure 4. (a) Single- and (b) double-space representations of �e (solid) and �o (dashed) for a

system that does not encircle the CI.

8 stuart c. althorpe, juan carlos juanes-marcos, and eckart wrede



C. Feynman Path Integral Approach

We now explain the physical significance of the two components �e and �o in

terms of the path integral theory developed in Refs. [41–45]. This theory was

developed originally to treat the Aharonov–Bohm system, in which an electron

encircles, but does not touch, a magnetic solenoid. The vector potential of the

solenoid has an effect that is exactly equivalent to the application of the GP

boundary condition, and scattering boundary conditions are applied at long

range. The Aharonov–Bohm system is therefore exactly analogous to a nuclear

wave function in a reactive system that encircles a CI.

To avoid discouraging the reader, we point out that only a few, basic concepts

of path integrals are required. We review these here in a heuristic manner,

beginning with the celebrated result of Feynman and Hibbs [40], which is that the

time-evolution operator or Kernel, K ¼ expð�iĤt=�hÞ, can be constructed using

Kðx; x0jtÞ ¼
ð
DxðtÞeiSðx;x0Þ=�h ð7Þ

Here, DxðtÞ represents the sum over all possible paths connecting the points x

and x0 in the time interval t, and S is the classical action evaluated along each of

these individual paths. It is useful to point out two properties of this expression:

(1) the overall sign of the Kernel is arbitrary, because S is only defined up to an

overall constant (because S is the time integral over the Lagrangian, and the latter

is only defined up to a total derivative in t [46]); (2) each path has equal weight,

so the relative contribution of a given path to the sum is determined by the extent

to which it is canceled out by its immediate neighbors.

Any prediction expressed in the language of path integrals must have an

equivalent formulation in the language of wave functions. Point (1) is equivalent

to saying that a wave function is only specified up to an overall phase factor.

Point (2) can be thought of as saying that, when computing Kðx; x0jtÞ, all
possible paths between x and x0 in time t are coupled. If we start with one

particular path between x and x0, then we need to know all of its immediate

neighbors, in order to assess the extent to which this path is canceled out by

them. These neighbouring paths are obtained by all possible tiny distortions that

can be applied to the first path. We then need to know all of the immediate

neighbors of each of the latter paths (in order to assess the extent to which each

of these is canceled out), and then we need to find out the immediate neighbors

of the new paths, and so on. In other words, if we start with one particular path

between x and x0, then this path is coupled (in the sense just described) to all the

other paths into which it can be continuously deformed. This is equivalent to

saying that one cannot accurately compute just part of a wave function; one

must compute all of it, since all parts of the function are coupled by the

Hamiltonian operator.

the influence of the geometric phase on reaction dynamics 9



In their work on the Aharonov–Bohm system, Schulman, deWitt, and

co-workers [41–44] found that points (1) and (2) must be modified when

applying path integral theory in a multiply connected space. The term multiply

connected simply means that the space contains an inaccessible region or

obstacle, which gets in the way, such that a given path between x and x0 cannot

be continuously deformed into all other possible paths. It can only be deformed

into a subset of such paths. This subset defines a homotopy class: paths that

belong to different homotopy classes are called different homotopes. The

concept that there exist different classes of paths, such that a path that belongs

to one class cannot be continuously deformed into a path that belongs to

another, is called homotopy.

The nuclear coordinate space shown in Fig. 1 is a multiply connected

space, because there is an energetically inaccessible ‘‘tube’’ of space

surrounding the CI seam. An explanation of the homotopy of such a space

will be found in any elementary text on topology [47]. Let us take first a

system with only two nuclear degrees of freedom, so that the CI is just a point

at the center of the branching space, and there are no other degrees of

freedom. The homotopy of a given path within this space is simply the

number of entire loops it follows around the CI. We can thus classify each

homotopic class according to a winding number n, as defined in Fig. 5. Note

that the sign of n indicates the sense of the path, and that it is useful to

adopt the convention that even n refer to paths that make an even number

of clockwise loops or an odd number of counterclockwise loops; and odd

n vice versa. It is easy to prove that the set of all these homotopic classes

forms an infinite group, which is called the ‘‘Fundamental Group’’ of a

circle [47].

The same classification into winding numbers can be used in a system with N

nuclear degrees of freedom, in which the CI seam is an ðN � 2Þ-dimensional

hyperline as in Fig. 1. For example, if we take N ¼ 3, then the seam is a line; the

× × ×

× × ×

n = 0

n = –1

n =1 n = 2

Figure 5. Examples of Feynman paths belonging to different homotopy classes, illustrating

how the winding number n is defined.
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homotopy of this system is just the same as for the N ¼ 2 system, since the

number of loops made around the line can be represented by a winding number

defined exactly as for the 2D case. Although it is difficult to visualize, the

generalization continues to all higher N in the same way, so that one can always

classify a path by its winding number around the ðN � 2Þ-dimensional CI

hyperline. In many systems, each class of paths designated by the winding

number n will in fact include more than one homotopy class, because it will be

possible to further classify the paths according to their winding about other

energetically inaccessible regions in the potential surface, which may exist in

addition to the tube around the CI seam. However, to understand the GP we do

not need to consider these classes, and so, for shorthand, we will use the terms

‘‘homotopy class’’ and ‘‘winding number’’ interchangeably.

Retracing the argument used to justify point (2), it is clear that, in a

multiply connected space, a given path is only coupled to those paths into

which it can be continuously deformed. By definition, these are all the paths

that belong to the same homotopy class. Paths belonging to different

homotopy classes are thus decoupled from one another [41–45]. For a

reactive system with a CI that has the space of Fig. 1, this means that a path

with a given winding number n is coupled to all paths with the same n, but is

decoupled from paths with different n. As a result, the Kernel separates

into [41–45]

Kðx; x0jtÞ ¼
X1
n¼�1

einaKnðx; x0jtÞ ð8Þ

where

Knðx; x0jtÞ ¼
ð
DnxðtÞeiSðx;x0Þ=�h ð9Þ

and Dnx denotes the sum over all paths linking x0 to x that have winding

number n.

Each Kn in Eq. (8) has a different overall phase, which arises because a

different Lagrangian can be used for each value of n. However, there is a strong

constraint on these phases, which arises because the set of Kernels Kn must form

an irreducible representation of the Fundamental Group of the circle. As a

result, the phases have the form eina [given in Eq. (8)], so that there is only one

parameter a that can be varied. To determine possible values of a, let us

consider the operation f! fþ 2p on Kn. This operation is equivalent to

rotating the end points of all the paths around the CI by 2p, thus increasing the

winding number of each path from n to nþ 1. As a result, Kn ! Knþ1, which
means that, overall, K ! expðiaÞK. In other words, specifying a is equivalent to

specifying the f! fþ 2p boundary condition that is to be satisfied by the
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Kernel. Thus, we can obtain Kernels corresponding to GP and non-GP boundary

conditions by choosing a ¼ p and a ¼ 0, which gives

KGðx; x0jtÞ ¼ Keðx; x0jtÞ � Koðx; x0jtÞ
KNðx; x0jtÞ ¼ Keðx; x0jtÞ þ Koðx; x0jtÞ

ð10Þ

where Ke ¼
P

Kn, with the sum running over all even n, and Ko is similarly

defined for odd n.

To put this result in context, one should imagine a crude semi classical

calculation, in which one propagates Newtonian trajectories, each of which is

given a phase expðiS=�hÞ: One could implement the GP boundary condition by

counting the number of loops n made by each trajectory around the CI, and

adding an extra np to the associated phase. To our knowledge, no such

calculation has been reported, almost certainly because it would be difficult

to disentangle genuine GP effects from errors in the approximation. However,

Eq. (10) tells us that such an intuitive approach can be applied to the Feynman

paths, and thus implemented rigorously, without approximation.

D. Consistency between the Symmetry and Feynman Approaches

The separation of the Feynman paths in Eq. (10) is equivalent to the splitting of

the wave function into�e and �o in Eq. (6). To demonstrate this, we connect the

Kernel to the wave function using [48],

�ðxÞ ¼ 1

AðEÞ
ð
dx0

ð1
0

dteiEt=�hKðx; x0jtÞwðx0Þ ð11Þ

where wðx0Þ is an initial wave packet, which contains a spread of energies

AðEÞ. At time t ¼ 0, wðx0Þ is localized in the reagent channel, at a sufficiently

large reagent separation that the interaction potential can be neglected. The

function � (x) given by Eq. (11) is the time-independent wave function, with

incoming boundary conditions in the reagent channel, as represented

schematically in Fig. 3. It follows immediately from Eq. (11) that Ke generates

�eðfÞ, and Ko generates �oðfÞ. Hence, unwinding the nuclear wave function

according to Eq. (6) is equivalent to separating the even n Feynman paths, which

are contained in �eðfÞ, from the odd n paths, which are contained in �oðfÞ.
Some care must be taken when applying the Feynman interpretation to

Eq. (6), as the Feynman interpretation must be consistent with the position of

the cut line (used to map from the double to the single space). For example,

Fig. 6a and b shows two different choices of cut line. It is clear that the relative

sign of �eðfÞ and �oðfÞ, and hence all the GP effects, are independent of

the position of the cut line. However the overall phase of �GðfÞ does depend on

the cut line. This phase is important, because it must cancel out a corresponding
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phase in the electronic wave function �ðfÞ, to give a total wave function

�GðfÞ�ðfÞ, which is independent of the position of the cut line. Because of

this, one needs to define the winding number n with respect to the cut line and

not with respect to the ðf ¼ 0Þ point at which the nuclear wave function enters

the encirclement region. Thus in Fig. 6b, a path that starts at f ¼ 0 and

terminates at f ¼ p=2, and has made no loops around the CI, is classified as an

n ¼ 0 path. However, a path that starts at f ¼ 0 and terminates just short of the

cut line at, say, f ¼ p=6, and has also made no loops around the CI, is an

n ¼ �1 path. A path that enters at f ¼ 0 and makes one clockwise loop around

the CI will be an n ¼ 0 path if it terminates just short of the cut line, and will

only become an n ¼ 1 path once it has passed the cut line, and so on. By

classifying the Feynman paths with respect to the cut line in this way we ensure

that the overall phase of �GðfÞ has the correct dependence on f needed to

cancel the corresponding dependence of the phase of �ðfÞ.
In Fig. 3, we placed the cut line between f ¼ �E and f ¼ 2p� E, where E is

an arbitrarily small number. This choice will often be the most convenient cut

line, because n then exactly describes the number of complete loops that the

system has made around the CI since entering the encirclement region. Thus the

paths that scatter inelastically will each have described an (internal) rotation of

exactly f ¼ 2np.
However, it will not always be possible to fix the cut line at the same value of

f as the entry points, for the reason that the system does not enter the

encirclement region at one unique value of f. Up till now, we have assumed (see

Section II.B) that the reaction is bimolecular, that it can only encircle the CI

when the nuclei are all close together, and that the reagents and products are

Figure 6. Diagram showing how the winding number n of the Feynman paths should be

defined with respect to the cut line. In (a), the cut line (chains) is placed between f ¼ �E and

2p� E; in (b), between f ¼ p=4 and �7p=4. In (c), the wave function describes a unimolecular

reaction, in which the initial state occupies the (gray shaded) area shown. Feynman paths originate

from all points within this area (inset); their winding number n is defined with respect to the common

cut line.
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distinguishable. These conditions are what are required to guarantee that the

system starts at one unique value of f, which we have taken to be f ¼ 0. We

can now relax these conditions, and consider unimolecular reactions, and

reactions that can encircle the CI at large separations of the reagents or

products. We consider the case of bimolecular scattering with identical reagents

and products in Section IV. A.

We can represent a unimolecular reaction using the diagram of Fig. 6c. The

gray blob indicates the initial state of the system. For example, it could be the

Frank–Condon region accessed in a photodissociation experiment [49]. All the

Feynman paths that contribute to the nuclear wave function will originate in

the initial state. Hence, the paths will have a spread of start points, distributed

over the range of f for which the initial state is nonnegligible. Clearly, the

symmetry argument of Section II.B applies immediately to this system, so we

may unwind the wave function, and extract �e and �o using Eq. (6). We can

then interpret these functions as containing the even n and odd n Feynman

paths, respectively, where n is defined with respect to a fixed cut line. Note

that, when we discuss, say, the even n Feynman paths, we are not referring to

paths that all necessarily complete an even number of loops around the CI,

since the paths may have started on different sides of the cut line (if the latter

passes through the initial state), or on different sides of the end point. The

reader may verify that, in either of these cases, the even n paths will contain a

mixture of paths that have looped an even and an odd number of times around

the CI.

Hence, when applied to a unimolecular reaction, Eq. (6) does not give such a

neat separation into even- and odd-looping Feynman paths. However, the

separation that it does give (into even and odd n, each of which contains a

mixture of even- and odd-looping paths) is the one that is necessary to explain

the effect of the GP, since these are the two contributions to � whose relative

sign is changed by the GP. Clearly, if we were to compute directly the Kernels,

we could then separate out the odd- and even-looping paths, because we would

know the starting point of each path. In the wave function, however, we neither

know the starting points of the individual paths, nor do we need to in order to

explain the effect of the GP.

Similar arguments to those just given apply to bimolecular reactions in which

the CI can be encircled when the reagents are still well separated from one

another. For such systems, one cannot define f such that it tends to a unique

value as the system travels out along the reagent channel. The incoming

boundary condition must then be applied across a range of f, which is

analagous to the range of f contained in the initial state of the unimolecular

reaction. Applying Eq. (6) will then separate out the even and odd n paths with

respect to a fixed cut line, which paths may contain a mixture of odd- and even-

looping paths (as in the unimolecular case).
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III. APPLICATION TO THE HYDROGEN-EXCHANGE

REACTION

The above theory is completely general, but was developed in response to a specific

challenge, which was to explain the ‘‘cancellation puzzle’’ posed by the results of

Kendrick’s calculations [20–22] on the hydrogen-exchange reaction. This

application of the theory gives a very good illustration of the effect of the GP on

a gas-phase reaction, and we discuss it here in some detail. Note that the only

familiarity with reactive scattering assumed is a basic knowledge of quantum

scattering theory (e.g., given in standard introductory texts on quantummechanics).

A. Reaction Paths and Potential Energy Surface

The first thing to be done when applying the theory is to identify the e and o

reaction paths. One can then proceed to calculate �G and �N, and then to extract

�e and �o using Eq. (6). In HþH2, the form of the potential energy surface is

very well characterized [50–53], and the form of the CI is a standard example of

an E � e Jahn–Teller intersection.

Figure 7 shows a schematic representation of the HþH2 potential energy

surface [29], plotted using the hyperspherical coordinate scheme of Kuppermann

[54]. In this section, we will treat the three hydrogen nuclei as distinguishable

particles, ignoring the requirement that the nuclear wave function be

antisymmetric under exchange of two 1H nuclei. The exchange symmetry is

×

‡‡

‡

HC + HA HB HB + HA HC

HA + HB HC

Figure 7. Schematic representation of the 1-TS (solid) and 2-TS (dashed) (where TS¼
transition state) reaction paths in the reaction HA þ HBHC ! HAHC þ HB. The H3 potential energy

surface is represented using the hyperspherical coordinate system of Kuppermann [54], in which the

equilateral-triangle geometry of the CI is in the center (�), and the linear transition states (z) are on
the perimeter of the circle; the hyperradius r ¼ 3:9 a.u. The angle f is the internal angular

coordinate that describes motion around the CI.
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easy to incorporate by taking appropriate linear combinations of the

unsymmetrised (distinguishable particle) wave functions, and we explain how

to do this in Section IV.A. Hence, we consider here only the effects of the GP on

the unsymmetrised wave functions, since these are the effects caused by reaction

paths that encircle the CI, which give rise to the cancellation puzzle.

Hence, we consider wave functions in which the reaction starts at an

asymptotic separation of one uniquely specified arrangement of the atoms

(Aþ BC), and analyze the cross-sections produced by reactive scattering into

one of the product channels (ACþ B). It is well known [55,56] that the

dominant H þ H2 reaction path passes over one transition state (1-TS), as

illustrated schematically in Fig. 7. Since GP effects are found in the reaction

probabilities at sufficiently high energies [20–22, 25–27] (>1:8 eV above the

potential minimum), the wave function must encircle the CI at these energies,

and thus also contain reaction paths that pass over two transition states (2-TS).

For the ACþ B products, the 1-TS paths make less than one full revolution,

loop in a clockwise sense around the CI (see Fig. 7), and are assigned a winding

number n¼ 0 (following the convention of Section II.C). The 2-TS paths also

make less than one full revolution, but loop in an anticlockwise sense, and are

assigned n ¼ �1 [28]. This means that the 1-TS (Feynman) paths are contained

in �e and the 2-TS paths in �o. In principle, there are also paths with higher

winding numbers present in both �e and �o, but these can be ignored (since

reaction paths passing over three or more TS are highly unlikely in HþH2). In

this chapter, we will therefore use the terms �e paths and 1-TS paths (and �o

paths and 2-TS paths) interchangeably.

B. Application of Topology to Reactive Scattering

Here we summarize what the reader will need to know about reactive scattering

in order to understand the application of the topological ideas of Section II to the

hydrogen-exchange reaction. The only thing we assume is that the reader is

familiar with the concept of scattering wave functions and boundary conditions.

Generalizing these concepts to reactive scattering is conceptually straightfor-

ward (although technically difficult [57–62], but we will not need to discuss the

technicalities here).

We consider a nuclear wave function describing collisions of type

Aþ BCðnÞ ! ACðn0Þ þ B, where n ¼ fv; j; kg are the vibrational v and

rotational j quantum numbers of the reagents (with k the projection of j on the

reagent velocity vector of the reagents), and n0 ¼ fv0; j0; k0g are similarly defined

for the products. The wave function is expanded in the terms of the total angular

momentum eigenfunctions DJ
kk0 ðy;Z; wÞ [63], and takes the form [57–61]

�½l�n ðR; r; g; y;Z; wÞ ¼
1

2knR

X
Jk0
ð2J þ 1ÞDJ

kk0 ðy;Z; wÞF½l�Jnk0 ðR; r; gÞ ð12Þ
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where �hkn is the magnitude of the A��BC approach momentum. The label l will

be taken to be each of G;N; e, or o (see below), which indicate whether the wave

function is �G, �N;�e, or �o. The internal degrees of freedom (in which the GP

boundary condition is applied in �GÞ are described by the coordinates ðR; r; gÞ,
which can be defined in either the reagent or product arrangements; in the product

arrangement, r is the AC bond length, R is the length of the vector joining B to the

AC center of mass, and g is the angle between this vector and the AC bond. The

external, spatial degrees of freedom are described by the Euler angles ðy;Z; wÞ.
The most important observable is the angular distribution of the scattered

products with respect to the initial approach direction of the reagents, which is

called the state-to-state differential cross-section (DCS). The DCS can be

written [57–61]

ds½l�n0 n

d�
ðy;EÞ ¼ 1

2jþ 1
j f ½l�n0 nðy;EÞj2 ð13Þ

where f
½l�
n0 nðy;EÞ is the scattering amplitude, obtained by taking the asymptotic

limit of �
½l�
n ðR; r; g; y;Z; wÞ as R!1. To obtain an expression for f

½l�
n0 nðy;EÞ,

we take the R!1 limits of the components F
½l�
Jnk0 ðR; r; gÞ; which are

F
½l�
Jnk0 ðR; r; gÞ !

X
v0j0

ffiffiffiffiffi
kn0

kn

r
�j0k0 ðgÞcv0 ðrÞeikn0RS½l�n0 nðJ;EÞ ð14Þ

where �j0k0 ðgÞ and cv0 ðrÞ are the rotational and vibrational wave functions of

AC. The aim of the calculation is thus to determine the matrix of coefficients

S
½l�
n0 nðJ;EÞ, which is called the reactive scattering S matrix. Using this

expression, we obtain

f
½l�
n0 nðy;EÞ ¼

1

2ikvj

X
J

FðJÞð2J þ 1ÞdJk0kðp� yÞS½l�n0 nðJ;EÞ ð15Þ

where dJk0kðp� yÞ is a reduced Wigner rotation matrix [63]. We have included a

filter F(J) in Eq. (15), which allows us to calculate separate DCS corresponding

to different ranges of J. There is a rough correspondence between J and the

classical impact parameter b, such that low values of J correspond to low-impact

(i.e., head on) collisions of the reagents, and high values of J correspond to high-

impact (i.e., glancing) collisions.

In addition to the DCS, we also need to consider the state-to-state integral

cross-section (ICS), which is a measure of the total amount of scattered AC

product in quantum state n0, and is given by

s½l�n0 nðEÞ ¼
2p

2jþ 1

ðp
0

jf ½l�n0 nðy;EÞj2 sin y dy; ð16Þ
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We will also need to consider the reaction probability, which is a measure of the

amount of scattered product at a given value J, defined by

P
½l�
n0 nðJ;EÞ ¼ jS½l�n0 nðJ;EÞj2 ð17Þ

In general, it is difficult to map contributions from different reaction paths onto

the DCS. However, Eq. (6) tells us that, in a reaction with a CI, one can easily

map the contributions from the e and o (Feynman) paths onto the DCS. Since

Eq. (6) applies to the entire wave function, we can apply it to the asymptotic limit

of the wave function in Eq. (14), and thus to S[G](E) and S[N](E), to obtain

S½e�ðEÞ ¼ 1ffiffiffi
2
p ½S½N�ðEÞ þ S½G�ðEÞ�

S½o�ðEÞ ¼ 1ffiffiffi
2
p ½S½N�ðEÞ � S½G�ðEÞ�

ð18Þ

These equations are all that we need to explain the effect of the GP on scattering

cross-sections, such as the DCS and ICS. They allow us to compute separate

e and o cross-sections using Eq. (15), which show the scattering produced by

the e and o reaction paths in isolation. They tell us that we can only expect GP

effects if f
½e�
n0 nðy;EÞ and f

½o�
n0 nðy;EÞ overlap.

In the case of the HþH2 reaction, Eq. (18) specializes to

S½1�TS�ðEÞ ¼ S½e�ðEÞ
S½2�TS�ðEÞ ¼ S½o�ðEÞ

ð19Þ

Hence, simply by adding and subtracting the computed S[G](E) and S[N](E), we

can identify the contributions from the 1-TS and 2-TS reaction paths in the DCS

and ICS, and thus explain the effects of the GP on the HþH2 reaction.

C. Details of the Calculation: The Use of Vector Potentials

Before discussing the results of applying Eq. (19), we explain how the GP

boundary condition is implemented numerically in the calculations of S[G](E).

This is the most technical part of the chapter, and the material here is not needed

to understand the sections that follow.

There are three ways of implementing the GP boundary condition. These are

(1) to expand the wave function in terms of basis functions that themselves

satisfy the GP boundary condition [16]; (2) to use the vector-potential approach

of Mead and Truhlar [6,64]; and (3) to convert to an approximately diabatic

representation [3, 52, 65, 66], where the effect of the GP is included exactly

through the adiabatic–diabatic mixing angle. Of these, (1) is probably the most
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elegant method, but it can be implemented efficiently only if the encirclement

angle f is a simple function of the coordinates used to represent the

Hamiltonian. This is not the case for the coordinates ðR; r; gÞ, which we use in

our calculations. Approach (3) is in general numerically the most robust way to

include nonadiabatic effects, but it requires that one carry out the calculation on

two coupled surfaces, which is clearly inefficient if the system is confined to the

lower adiabatic surface. Approach (2) is both numerically robust and uses just

the one (lower adiabatic) surface, and is hence the approach we used in the

HþH2 calculations [26].

In the vector potential approach [6], the (real) electronic wave function �ðfÞ
is multiplied by a complex phase factor f ðfÞ, defined such that

f ðfþ 2pÞ�ðfþ 2pÞ ¼ f ðfÞ�ðfÞ ð20Þ

A simple choice of phase factor is one that has the form

f ðfÞ ¼ ei
l
2
f ð21Þ

where l must be chosen odd to ensure that Eq. (20) is satisfied. All odd values of

lwill correctly incorporate the GP, and give physically equivalent wave functions,

which will differ only in an overall phase factor. Similarly, all even values of lwill

give the non-GP wave function.

When f ðfÞ takes the form of Eq. (21), the nuclear Laplacian operator is

modified according to

�r2 ! ð�ir� AÞ � ð�ir� AÞ ð22Þ
where the vector potential A is given by

A ¼ � l

2
rf ð23Þ

Hence, the method of Mead and Truhlar [6] yields a single-valued nuclear wave

function by adding a vector potential A to the kinetic energy operator. Different

values of odd (or even) l yield physically equivalent results, since they yield

�ðfÞ that are identical to within an integer number of factors of expðifÞ. By
analogy with electromagnetic vector potentials, one can say that different odd (or

even) l are related by a gauge transformation [6, 7].

To implement the vector potential in the Jacobi coordinate system ðR; r; gÞ,
one proceeds as follows. The Jacobi kinetic energy operator splits into three

parts [61]:

T̂ ¼ T̂R þ T̂r þ T̂ang ð24Þ

the influence of the geometric phase on reaction dynamics 19



where each contains a derivative term in just one of the Jacobi coordinates

ðR; r; gÞ, and hence contains one component of the vector potential,

AaðR; r; gÞ ¼ � l

2

qfðR; r; gÞ
qa

ð25Þ

where a denotes, respectively, R, r, and g. Note that f is a function of all three of

the coordinates.

The method used to propagate solutions to the Schrödinger equation [61]

requires T̂ to be represented on a grid of points distributed in ðR; r; gÞ, which we

will denote using the labels jklm > . The first term in T̂ is given by

T̂R ¼ � �h2

2mR

q2

qR2
ð26Þ

(where mR is the reduced mass associated with R). Application of Eq. (22)

changes the derivative operator according to

� q2

qR2
! �i q

qR
� AR

� �
�i q

qR
� AR

� �

! � q2

qR2
þ A2

R þ i
q
qR

AR þ AR

q
qR

� � ð27Þ

This operator is diagonal in all but the R grid basis functions (denoted jki), and its
matrix elements change according to

hkjT̂Rjk0i ! hkjT̂Rjk0i þ �h2

2mR
dkk0ARðRk; rl; gmÞ2

n

þ i k
q
qR

����
����k0

� �
½ARðRk; rl; gmÞ þ ARðRk0 ; rl; gmÞ�

�
ð28Þ

where Rk denotes the value of R at the kth grid point; rl and gm are the r and g grid
points (see below). Note that this expression was derived by keeping the operator

in the symmetric form of Eq. (27), and acting outward with the first derivative

operators, on the bra and the ket. This approach (as opposed to taking the second

derivative of the ket [20,21]) yields a grid matrix which is exactly Hermitian.

The second term T̂r has exactly the same form as T̂R (with r in place of R)

and produces an exactly analogous change in the matrix elements between the r-

grid basis functions jli.
The most complicated changes are those produced in the third term T̂ang. This

operator can be split into three terms [67]

T̂ang ¼ T̂ ð1Þang þ T̂ ð2Þang þ T̂ð3Þang ð29Þ
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which are given by

T̂ð1Þang ¼
Ĵ2 � 2Ĵ2z
2mRR2

T̂ð2Þang ¼
1

2mRR2
þ 1

2mrr2

� �
ĵ2

T̂ð3Þang ¼ �
Ĵĵþ ĵĴ

2mRR2

ð30Þ

The term T̂
ð1Þ
ang contains the total angular momentum operators Ĵ2 and Ĵ2z . These

do not operate on the internal degrees of freedom, and are thus not changed by

Eq. (22). The term T̂
ð2Þ
ang contains the BC angular momentum operator j2, which

involves a g-derivative operator. The change brought about in this operator by

Eq. (22) is similar to Eq. (27). The matrix elements of T̂
ð2Þ
ang are diagonal in all but

the g grid basis functions jmi, and change according to

hmjT̂ð2Þangjm0i ! hmjT̂ ð2Þangjm0i þ �h2
1

2mRR
2
k

þ 1

2mrr
2
l

� �
dmm0AgðRk; rl; gmÞ2

n

þi m
q
qg

����
����m0

� �
½AgðRk; rl; gmÞ þ AgðRk; rl; gm0 Þ�

� ð31Þ

The operator T̂
ð3Þ
ang contains the cross-terms that give rise to the Coriolis coupling

that mixes states with different � (the projection of the total angular momentum

quantum number J onto the intermolecular axis). This term contains first

derivative operators in g. On application of Eq. (22), these operators change the

matrix elements over T̂
ð3Þ
ang according to

hmJ�jT̂ ð3Þangjm0J�0i ! hmJ�jT̂ð3Þangjm0J�0i

þ i�h2

2mRR
2
k

�
d��0þ1CþJ�0 hm�jm0�0iAgðRk; rl; gm0 Þ

�d�0�þ1CþJ�hm0�0jm�iAgðRk; rl; gmÞ
	

ð32Þ

where

C�ab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðaþ 1Þ � bðb� 1Þ

p
ð33Þ

To apply the above equations to HþH2, we need an expression for the vector

potential AðR; r; gÞ, which can be obtained from Eq. (25) once the angle f has
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been specified. As mentioned above, we are free to define f in any way,

provided that f ¼ 0! 2p describes a closed path around the CI. We chose the

form,

fðR; r; gÞ ¼ tan�1
d2R2 � r2=d2

2Rr cos g

� �
ð34Þ

where d is a dimensionless scaling factor defined in [26]. In the potential cut

shown in Fig. 7, this definition of f corresponds to the circular polar angle

describing an internal revolution about the CI.

D. Solving the Cancellation Puzzle

We are now in a position to discuss the cancellation puzzle in HþH2. We start

by considering the state-to-state reaction probabilities P
½l�
n0 nðJ;EÞ, computed

according to Eq. (17), with the filter FðJÞ ¼ 1. Representative results, taken

from ref. [26], are shown in Fig. 8. These results [26] reproduce those obtained

earlier by Kendrick [21], and show that there are noticeable GP effects in some

of the state-to-state reaction probabilities, which indicate that a small

proportion of the wave function encircles the CI. A curious feature of these
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Figure 8. State-to-state reaction probabilities, for HþH2(100) ! H2(250)þH, computed

using GP (solid lines) and non-GP (dashed lines) boundary conditions.
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results is the apparent alternation in sign of the difference between the GP and

non-GP probabilities,

�Pn0 nðJ;EÞ ¼ P
½G�
n0 nðJ;EÞ � P

½N�
n0 nðJ;EÞ ð35Þ

as a function of J.

One would expect that effects of similar magnitude to those shown in Fig. 8

should also appear in the corresponding state-to-state differential and integral

cross-sections. However, this is not the case. As already mentioned, there is a

considerable amount of cancellation of GP effects in these quantities, which we

refer to as the cancellation puzzle. The unexpected cancellations appear in the

state-to-state DCS at low impact parameters (i.e., low values of J), and in the

state-to-state ICS (including all impact parameters). We now discuss each of

these cancellations in turn.

1. Low Impact-Parameter Cross-Sections

The cancellation in GP effects in the state-to-state DCS are found [20–22, 26, 27,

29] at low impact parameters, when F(J) in Eq. (15) is chosen to include only

contributions for which J � 9. It is well known [55,56] that most of the reactive

scattering in this regime consists of head-on collisions, in which the reaction

proceeds mainly by the H atom striking the H2 diatom at geometries that are

close to linear. Most of the products are then formed by direct recoil in the

backward ðy ¼ 180�) region, this being typical behavior for a hydrogen-

abstraction reaction.

Figure 9 shows the low impact DCS obtained for the same initial and final

states (250 100), and at the same energy (2.3 eVabove the potential minimum),
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Figure 9. Low-impact parameter DCS at 2.3 eV, for HþH2(100) ! H2(250)þH, describing

the scattering of (a) �G (solid lines) and �N (dashed lines), and (b) �e (solid lines) and �o (dashed

lines).

the influence of the geometric phase on reaction dynamics 23



as the reaction probabilities of Fig. 8. These DCS are clearly consistent with the

abstraction mechanism just mentioned. Most of the scattering is concentrated in

the backward direction, but there is a tiny component in the forward ðy ¼ 0Þ
direction. The striking feature is that the GP and non-GP DCS are in perfect

agreement. The noticeable GP effects in the reaction probabilities of Fig. 8

appear to have canceled completely.

This observation is the first part of the cancellation puzzle [20, 21, 27, 29].

We know from Section III.B that we should be able to solve it directly by

applying Eq. (19), which will separate out the contributions to the DCS made by

the 1-TS and 2-TS reaction paths. That this is true is shown by Fig. 9(b). It is

apparent that the main backward concentration of the scattering comes entirely

from the 1-TS paths. This is not a surprise, since, by definition, the direct

abstraction mechanism mentioned only involves one TS. What is perhaps

surprising is that the small lumps in the forward direction, which might have

been mistaken for numerical noise, are in fact the products of the 2-TS paths.

Since the 1-TS and 2-TS paths scatter their products into completely different

regions of space, there is no interference between the amplitudes f
½e�
n0 nðyÞ and

f
½o�
n0 nðyÞ, and hence no GP effects.

We note that the particular ð2; 5; 0 1; 0; 0Þ state-to-state DCS that we have

chosen happens to have a perfectly clean separation between the 1-TS and 2-TS

scattering, which is why the cancellation in GP effects is perfect. Most of the

other low impact DCS, however, have a small amount of overlap between the 1-

TS and 2-TS scattering, which means that the GP effects almost cancel out in

the cross-sections, but that tiny, genuine GP effects remains. Examples of such

cross-sections are given in [29].

The fact that the 1-TS and 2-TS paths scatter mainly in opposite directions is

also the reason for the alternation in sign of �Pn0 nðJ;EÞ pointed out above. It

is important to realize that this alternation is not exact. For example, in Fig. 8,

we see that �Pn0 nðJ;EÞ has the same sign for J ¼ 13 and 14, and that, at

2.3 eV, the alternation is broken by �Pn0 nð2;EÞ ¼ 0.

We can explain the approximate alternation of�Pn0 nðJ;EÞ ¼ 0 by substituting

Eq. (19) into Eq. (35), to obtain

�Pn0 nðJ;EÞ ¼ �2FðJÞ2Re S
½1�TS�
n0 n ðJ;EÞ�S½2�TS�n0 n ðJ;EÞ

h i
ð36Þ

We then invert Eq. (15) by integrating over y, which yields the following

expression for the S-matrix elements,

S
½l�
n0 nðJ;EÞ ¼

ikvj

FðJÞ
ðp
0

f
½l�
n0 nðy;EÞdJk0kðp� yÞ sin y dy ð37Þ
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Equations (36) and (37), together with the property dJk00ðp� yÞ ¼ ð�1ÞJdJk00ðyÞ
[63], show that if the scattering amplitudes satisfied

f
½1�TS�
n0 n ðy;EÞ / f

½2�TS�
n0 n ðp� y;EÞ ð38Þ

then the sign of �Pn0 nðJ;EÞ would follow ð�1ÞJ exactly. In the DCS of Fig. 9,

there is a major component in the 1-TS and 2-TS amplitudes that satisfies

Eq. (38), as well as a minor component that does not. Hence, overall the sign of

�Pn0 nðJ;EÞ displays an approximate alternation with J.

2. Full Cross-Sections

The second part of the cancellation puzzle concerns the full state-to-state DCS

and ICS (i.e., including all the impact parameters). In this case, the GP effects do

not cancel in the DCS [26, 27, 29], as is shown in Fig. 10. Instead, they shift the

phase of the fine oscillations that are superimposed on the main DCS envelope.

Following the above, this indicates that the 1-TS and 2-TS paths scatter into

overlapping regions of space, so that the GP produces an effect by changing the

sign of the interference between f
½1�TS�
n0 n ðyÞ and f

½2�TS�
n0 n ðyÞ. This is confirmed by

Fig. 10b, which shows that the 1-TS and 2-TS DCS do indeed overlap.
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Figure 10. Full DCS (i.e., including all impact parameters), for HþH2(100) ! H2(250)þH,

describing the scattering of (a) �G (solid lines) and �N (dashed lines), and (b) �e (solid lines) and

�o (dashed lines). (c) The phases of the corresponding e and o scattering amplitudes.
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The surprizing result is that these GP effects cancel out completely when the

DCS is integrated over y to yield the ICS [via Eq. (16)]. This cancellation is

shown in Fig. 11(a) for the ð2; 5; 0 1; 0; 0Þ ICS over a range of energies, and

in Fig. 11(b) for all the nonzero state-to-state ICS at E ¼ 2:3 eV. In general, one

expects small differences in a DCS to average out on integrating over y, but a
complete cancellation of the differences, which is found to hold for all final

states and collision energies tested [26], suggests that there is a systematic

difference between the 1-TS and 2-TS scattering dynamics that is causing the

cancellation.

This last point is the second part of the cancellation puzzle, and is soon

explained by plotting the phases �
½e�
n0 nðy;EÞ and �

½o�
n0 nðy;EÞ of the scattering

amplitudes f
½e�
n0 nðy;EÞ and f

½o�
n0 nðy;EÞ (Fig. 10c). It is clear that these phases
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boundary conditions, for (a) HþH2(100) ! H2(250)þH over a range of energies, and (b)

HþH2(100) ! H2(v,j)þH at 2.3 eV.
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depend in opposite senses on y, and the same trend is observed for most of the

other final states considered [29]. As a result the integrand in

s½G�n0 nðEÞ � s½N�n0 nðEÞ ¼ �
4p

2jþ 1
Re

ðp
0

f
½e�
n0 nðy;EÞf ½o��n0 nðy;EÞ sin y dy: ð39Þ

is highly oscillatory (with period	 12�), and thus integrates to a very small value

(although not to zero).

From semiclassical scattering theory [68,69], it is known that a negative

dependence of�n0 nðy;EÞ on y indicates scattering into positive deflection angles,
and vice versa. The terms nearside and farside are sometimes used to describe

these two types of scattering (see Fig. 12). Hence, the reason that GP effects cancel

in the state-to-state ICS is that the 1-TS and 2-TS paths scatter in opposite senses

(with respect to the center-of-mass). There is thus a mapping between the sense in

which the reaction paths loop around the CI (clockwise for 1-TS, counterclockwise

for 2-TS), and the sense in which the products scatter into space.

3. The 2-TS Mechanism

To complete the explanation of why GP effects cancel in the ICS, we need to

explain why the 2-TS paths scatter into negative deflection angles. (It is well

known that the 1-TS paths scatter into positive deflection angles via a direct

recoil mechanism [55, 56].) We can explain this by following classical

trajectories, which gives us the opportunity to illustrate a further useful

consequence of the theory of Section II.

This is that, once we have separated the nuclear wave function into �e and �o

using Eq. (6), we are free to model the dynamics of each component separately

using classical trajectories, secure in the knowledge that we have removed the

nearside

farside

Figure 12. Diagram illustrating the difference between nearside scattering into positive

deflection angles �, and farside scattering into negative �. The arrow (chains) represents the initial

approach direction of the reagents in center-of-mass frame; the gray rectangle represents the spread

of impact parameters in the initial plane wave. Most of the 1-TS paths scatter into positive �, and

most of the 2-TS paths into negative �.
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effects of the GP. Hence, although we cannot use classical mechanics to predict

the effect of the GP, which is entirely a quantum effect, we can use it to model the

dynamics of the e and o paths separately. This allows us to predict the extent to

which these paths will overlap, and hence estimate the likely magnitude of the GP

effects. Of course, we must make allowances for the other types of quantum

effects found in reaction dynamics, such as tunneling, zero-point energy, reactive

resonances, and threshold effects. The best way to do this is to make detailed

comparisons with quantum scattering data (e.g., the state-to-state product

distributions), using the quasiclassical trajectory (QCT) approach [70–72].

Hence, in HþH2 we were able to use QCT to model the dynamics of the

1-TS and 2-TS reaction paths separately [29]. The main feature of the quantum

calculations that the QCT calculations must reproduce is the scattering of the

1-TS paths into positive deflection angles, and the 2-TS paths into negative

deflection angles (since this is what causes the cancellation of GP effects in the

ICS). Figure 13 shows that the scattering of the classical 1-TS and 2-TS paths

agrees strikingly in this regard, suggesting that, at the very least the classical

trajectories are able to give a good overall explanation of why the 2-TS paths

scatter into negative deflection angles.

Figure 14 shows a representative 2-TS trajectory, which demonstrates that

the 2-TS paths follow a direct S-bend insertion mechanism. The trajectory

passes through the middle of the molecule, and avoids the CI; this forces the

products to scatter into negative deflection angles. The 2-TS QCT total reaction
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cross-section (Fig. 15) is roughly one-half of the quantum result, suggesting that

the reaction is enhanced by quantum tunnelling. This seems reasonable for such a

constrained reaction path, and in [29] we use the product rotational distributions

(not shown here) to argue that the insertion is facilitated by tunneling through the

side of the lower cone of the CI.

IV. FURTHER ASPECTS OF TOPOLOGY

A. Including Particle-Exchange Symmetry

So far, we have treated the atoms as distinguishable particles, both in the general

theory of Section II and in the application to HþH2 in Section III. Here, we

explain how to incorporate the effects of particle exchange symmetry. First, we

discuss how the symmetry of the system maps from the physical onto the double

space, and then explain what effect the GP has on wave functions of reactions

that (like HþH2) have identical reagents and products.

1. Symmetry in Double Space

A useful property of the double space is that it clarifies the treatment of

symmetry [28]. In the single space, the symmetry of �G can appear confusing,

because it depends on the position of the cut line. One way to avoid this

confusion is to consider the symmetry of the total (electronicþ nuclear) wave

function��, which is of course independent of the position of the cut line [6, 7].
Another way is to map �G onto the double space.

In Section II, we explained that �N and �G are respectively symmetric and

antisymmetric under the operator R̂2p in the double space. More generally, if the
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Figure 15. Quantum (lines) and QCT (points) total cross-sections for the HþH2 1-TS and

2-TS paths.
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molecular symmetry group in the single space isG, then the symmetry group in the

corresponding double space is the direct product double group G
 R, where

R ¼ fE; R̂2pg (and E is the identity operator). The properties of direct product

double groups are well known from molecular spectroscopy [73]. A double group

G
 R has exactly twice as many symmetry operations as the corresponding single

group G, though not necessarily twice as many classes and irreducible

representations (irreps). All irreps in the double group will be either completely

symmetric or antisymmetric under R̂2p. Clearly, the antisymmetric (symmetric)

irreps constitute all the allowed symmetries of the �Gð�NÞ states.
For example, consider the system shown in Fig. 16, in which the (single-

space) molecular symmetry group is fE;sg, where s is a mirror plane of

symmetry running from top to bottom of the figure. The symmetry group in the

double space is then fE;sg 
 fE; R̂2pg, which is isomorphic with C2v, with a

second plane of symmetry s� ¼ R̂2ps. Clearly, there are two �N irreps

(symmetric under R̂2p) and two �G irreps (antisymmetric under R̂2p). The �N

irreps have the same symmetry under s and s�; the �G irreps have

opposite symmetries. Of the latter, let us take the irrep that is symmetric under

s and antisymmetric under s�, which describes a reaction in which the reagents

are prepared in a state that is symmetric with respect to s. In the single

space, this function is antisymmetric under s when the cut line is placed at

f ¼ 0, symmetric when it is placed at f ¼ �p, and unsymmetric when it is

placed at, say, f ¼ p=4. Use of the double space removes this ambiguity.

2. Identical Reagents and Products

When the reagents and products are identical, then the system enters the

encirclement region at several different values of f, and must therefore be

σ

2π 0 04π

(a) (b)

σ

σ*

Figure 16. Relation between symmetry in (a) the single space and (b) the double space of a

system whose molecular symmetry group has a s plane in the single space, and is isomorphic with

C2v in the double space.
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treated analogously to a unimolecular system [28] (Section II.D). Figure 17a

represents the nuclear wave function of the HþH2 reaction (in the single

space), which was considered earlier by Mead under the assumption that it did

not encircle the CI [14]. In Fig. 17a, �G (or �N, depending on which relative

phase of �e and �o is assumed in the diagram) is drawn as though the reagents

and products of the reaction were distinguishable (as they would be for say

DþH2). Thus all the Feynman paths that enter the encirclement region start at

one unique value of f.
To treat the reagents and products as indistinguishable, one must make the

total (electronicþ nuclear) wave function symmetric under a cyclic exchange of

nuclei, which is equivalent to making it symmetric under rotations R̂2p=3; R̂4p=3,

about the threefold axis of symmetry. Mead showed that, because the electronic

wave function � is antisymmetric under R̂2p=3, then �G must be symmetrized

according to

�sym
G ðfÞ ¼ 1=

ffiffiffi
3
p
½�GðfÞ ��Gðf� 2p=3Þ

þ�Gðf� 4p=3Þ� ð40Þ

By assuming that the system does not encircle the CI, Mead showed [14] that this

equation implies that the GP changes the relative sign of the inelastic and

reactive contributions in the scattering amplitude.

It is straightforward to combine Eq. (40) with the arguments of Section II, in

order to extend Mead’s result to systems that encircle the CI. One has simply to

substitute Eq. (5) into each term of Eq. (40), which yields

�sym
G ðfÞ ¼ 1=

ffiffiffi
6
p
½�eðfÞ ��oðfÞ

��eðfþ 2p=3Þ þ�oðfþ 2p=3Þ
þ�eðfþ 4p=3Þ ��oðfþ 4p=3Þ� ð41Þ

(a) (b) (c)

Figure 17. The unsymmetrized functions (a) �GðfÞ, (b) ��Gðf� 2p=3Þ, and (c) �Gðf�
4p=3Þ for a system, such as H3, which has three identical reagent and product channels. Superposing

these components gives the wave function�sym
G ðfÞ of Eq. (40) which is fully symmetric under cyclic

permutation of identical nuclei.
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We can represent this function in the single space, provided we use a common cut

line for all three components. This is shown schematically in Fig. 17. Use of the

common cut line is equivalent to taking the linear combinations in the double

space, then cutting a 2p-wide section out of the entire �sym
G ðfÞ. The winding

numbers n of the Feynman paths that enter the three equivalent reagent channels

must all be defined with respect to the common cut line, since they are analogous

to paths starting at different points in the initial state of a unimolecular reaction

(Section II.D).

We can now extend Mead’s argument in order to find out the relative sign of

the inelastic and reactive contributions to an encircling nuclear wave function.

The symmetrized wave function of Eq. (41) can be represented graphically by

combining the three functions of Figs. 17a–c, using the convention that the

dashed lines have the opposite sign to the solid lines. Four types of Feynman

path contribute to �sym
G in a given reagent–product channel. We will call these

the direct inelastic, looping inelastic, direct reactive, and looping reactive. To

work out whether a contribution (in a given reagent–product channel) is direct

or looping, one should identify the shortest route back to the point at which the

path entered the encirclement region. If this route passes by one or more exit

channels then the path is looping; if it does not, then the path is direct. It is then

clear that the GP changes the sign of the direct reactive with respect to the direct

inelastic contribution, and that it leaves unchanged the sign of the looping

reactive with respect to the direct inelastic. The first of these observations

is Mead’s result [14]; the second is the required generalization of Mead’s result

to an encircling nuclear wave function. Although we have considered here

a reaction that has the same particle-exchange symmetry as the Hþ H2 reaction,

the arguments above can clearly be generalized to treat reactions of any

symmetry.

B. Complete Unwinding of the Nuclear Wave Function

One can think of the mapping of the nuclear wave function onto the double space

in Eq. (5) as a partial unwinding of the wave function [28]. This amount of

unwinding is sufficient to explain completely the effect of the GP. However, it is

interesting to consider unwinding the wave function further. If the range of n that

contribute significantly to �G is finite, then Eq. (8) implies that, in principle, one

can unwind �G completely, separating the contributions from individual values

of n.

First, let us consider a system in which n is restricted to n ¼ 0 and n ¼ �1.
The Kernels Kn are therefore negligibly small for n < �1 or n > 0. In such a

system, �e contains only the n ¼ 0 paths, and �o only the n ¼ �1 paths. Hence,
mapping onto the double space, to generate �e using Eq. (6), is sufficient to

unwind completely the nuclear wave function (Figs. 18a and b). In the double

space (Fig. 18b) the n ¼ 0 and n ¼ �1 paths are the branches of �e accessed by

the influence of the geometric phase on reaction dynamics 33



rotating clockwise and counterclockwise from the entry point at f ¼ 0. There is

a gap between these two branches, such that �e in the double space is like a

nonencircling �G in the single space (Fig. 4).

When higher n Feynman paths contribute to the wave function, one has

simply to apply repeatedly the single- to double-space mapping, until the nuclear

wave function is completely unwound (in the sense just defined). Thus, if the wave

function contains only n ¼ �2;�1; 0; 1 paths, then we need to compute a func-

tion �0e in the double space that satisfies the boundary condition �0eðfÞ ¼
��0eðfþ 4pÞ. Adding this function to�e [which satisfies�eðfÞ ¼ �eðfþ 4pÞ]
then gives a new function, �4ðfÞ, which occupies the quadruple space

f ¼ 0! 8p (see Fig. 18c). This new quadruple-space wave function will be

completely unwound, such that there is a gap between its clockwise and

counterclockwise branches. The n ¼ �2;�1; 0; 1 contributions will lie in the

�4p! �2p;�2p! 0; 0! 2p, and 2p! 4p sectors, respectively. If desired,

we can convert �4ðfÞ back to �G by taking the combinations,

�GðfÞ ¼ 1

2
½�4ðfÞ ��4ðfþ 2pÞ
þ�4ðfþ 4pÞ ��4ðfþ 6pÞ� ð42Þ

and then cutting a 2p-wide sector out of the quadruple space, to map back onto

the single space.

π42π

8π 2hπ

(a)

(c) (d)

(b)

Figure 18. Complete unwinding of an encircling nuclear wave function �G by mapping onto

higher cover spaces. (a) The function �G in the single space; (b) �e in the double space; (c) �4 in

the quadruple space; (d) schematic picture of �h in a 2hp cover space. In each case, �G will be

completely unwound if it contains contributions from Feynman paths belonging to (b) 2, (c) 4, and

(d) h different winding-number classes.
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Clearly, the above procedure can be continued (in principle) as many times as

required. Thus, if the wave function includes n ¼ �4 � � � 3 paths, we have

simply to define the function �04ðfÞ ¼ ��04ðfþ 8pÞ, and then map onto the

f ¼ 0! 16p cover space, which will unwind the function completely. In

general, if there are h homotopy classes of Feynman paths that contribute to the

Kernel, then one can unwind �G by computing the unsymmetrised wave

function �h in the 0! 2hp cover space. The symmetry group of the latter will

be a direct product of the symmetry group in the single space and the group

fE; R̂2p; R̂4p; . . . ; R̂2ðh�1Þpg.
This approach is applicable even to a system that supports long-lived

scattering resonances that correspond classically to periodic orbits [74] looping

around the CI. Clearly, such systems can support paths for which

�1 � n � 1, meaning that if one wants to compute �G exactly then it will

never be possible to unwind it completely. However, if one wants to compute

�G to within a given accuracy, then the number of homotopic classes h will be

finite because the time-dependent wave function �GðtÞ decays exponentially

from within the encirclement region as a function of t. Hence, for a reactive

system, there must be a value of h, such that mapping onto a f ¼ 0! 2hp
cover space completely unwinds �G, to within a specified accuracy—meaning

that there will be a region of f in the 2hp cover space, over which j�hðfÞj2 is
negligibly small. This gap region will contain contributions from Feynman

paths with jnj > h, which could themselves be unwound (if higher accuracy

were later required) by mapping �hðfÞ onto a yet higher cover space.

In a numerical calculation, the number of times that one can unwind�G will be

limited by the maximum size of cover space that can be treated computationally.

An efficient way to unwind onto an 2hp cover space will be to compute the h

single-space wave functions that satisfy the boundary conditions

�nðfþ 2mpÞ ¼ ei2nmp=h�nðfÞ ðn ¼ 0 . . . h� 1Þ ð43Þ

The wave function �h in the 2hp cover space is then given by

�hðfÞ ¼ 1ffiffiffi
h
p

Xh�1
n¼0

�nðfÞ ð44Þ

To compute each of the �nðfÞ, one can generalize the methods used to compute

�G. Hence, the most elegant method would be to use basis functions that satisfy

the boundary conditions of Eq. (43), if this were practical to implement. A more

general method would be to extend the Mead–Truhlar vector-potential approach

[6]. This approach would involve carrying out h calculations, each including a
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vector potential of the form

A ¼ �i n
h
rf ð45Þ

where n ¼ 0 . . . h� 1.

To clarify, the complete unwinding of the wave function is not required to

explain the effect of the GP. The latter affects only the sign of the odd n

Feynman paths with respect to the even n paths, and is thus explained

completely once one has unwound these two classes of path by mapping onto

the double space. The complete unwinding explains the interference within the

even n and odd n contributions, by unwinding each of them further, into the

contributions from individual values of n.

C. Difference between Bound and Scattering Systems

This chapter has focused on reactive systems, in which the nuclear wave function

satisfies scattering boundary conditions, applied at the asymptotic limits of

reagent and product channels. It turns out that these boundary conditions are

what make it possible to unwind the nuclear wave function from around the CI,

and that it is impossible to unwind a bound-state wave function.

To see why this is so, let us attempt to apply the procedure of Section II.B to

a bound-state wave function. This is illustrated schematically in Fig. 19. It is

clear immediately that we cannot construct an unsymmetric �e in the double

space, because each bound-state eigenfunction must be an irreducible

representation of the double-space symmetry group. Thus a bound-state

function in the double space is necessarily symmetric or antisymmetric under

R̂2p, and is thus either a �G or a �N function. For a �G function, we have

�N ¼ 0 (since �G and �N cannot form a degenerate pair), which implies [from

Eq. (6)] that

�e ¼ ��o ¼ �G ð46Þ

Similarly, for a �N function,

�e ¼ �o ¼ �N ð47Þ

In other words, if we map a bound-state wave function onto the double-cover

space using Eq. (6), we simply duplicate the function, because the contribution

from the even n Feynman paths is exactly equal to (or equal and opposite to) the

contribution from the odd n paths.

If we continue mapping onto successively higher cover spaces, following the

procedure of Section IV.B, then the effect is the same. Instead of completely

unwinding the nuclear wave function, and producing a gap (where j�hðfÞj2 is
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negligibly small), the mapping onto the 2hp space generates a periodic

repetition of the original single-space function. Hence, the technique of Section

IV.B, in which one can unwind a reactive wave function completely from

around the CI (to within a specified accuracy) does not work for a bound-state

function. Heuristically, one may think of this as arising because, in the bound-

state system, the Feynman paths (like the classical paths) can describe an

infinite number of loops around the CI [28].

An encircling reactive wave function is thus topologically different from an

encircling bound-state wave function. This is the reason why, in Section II.A,

we said that, when the wave function encircles the CI, it is j�ðfÞj2 that has the
form of a torus, rather than �ðfÞ. A reactive wave function �ðfÞ is not a

torus—it is essentially a coil, since it can be unwound. A bound-state function

�GðfÞ, on the other hand, is a torus (with a twist), because if one imagines

calculating it by propagating a function around the CI, then the two ends of the

sym

anti

++– +

(a)

(b)

(c)

yG yN

Figure 19. Relation between �G and �N for a bound-state system. The functions in the single

space (a) can be mapped onto the double space (b) where they have opposite symmetries under R̂2p,

and belong to different symmetry blocks of the double-space Hamiltonian matrix (c). Unlike reactive

wave functions, bound-state functions cannot be unwound from around the CI.
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function must match up. In a reactive wave function, no such matching is ever

required, and we may loop each end of the function around the CI as many

times as we please, before allowing each end to pass out one of the entrance or

exit channels (where it is then matched up to the asymptotic scattering

functions). We therefore suggest that the term encirclement often used in the GP

literature should be qualified as weak encirclement, when the system is reactive,

and strong encirclement when it is bound.

Mapping onto the double space will therefore reveal nothing new about the

effect of the GP on a bound-state system, since this is purely a boundary-

condition effect. However, it does gives us an alternative representation of the

GP and non-GP wave functions, which may sometimes be clearer than the

equivalent single-space representation (in which one deduces the symmetry �
from the total wave function ��). For example, in the double space, it is very

clear that the GP will cause all the bound states to be doubly degenerate when

the (single-space) molecular symmetry group is isomorphic with C2v (because

the double-space group is then isomorphic with C4v). Similarly, the double-

space picture is analogous to a double-well system, with periodic boundary

conditions, and this may also sometimes be useful in rationalizing the effect of

the GP on the spectrum. We note that use of a double space has proved very

useful in the analogous field of Möbius molecules, where the electronic wave

function satisfies what is in effect a GP boundary condition, on account of a

twist in the nuclear structure [75].

Of course, the distinction between reactive- and bound-state wave functions

becomes blurred when one considers very long-lived reactive resonances, of the

sort considered in Section IV.B, which contain Feynman paths that loop many

times around the CI. Such a resonance, which will have a very narrow energy

width, will behave almost like a bound-state wave function when mapped onto

the double space, since j�ej will be almost equal to j�oj. The effect of the GP

boundary condition would be therefore simply to shift the energies and

permitted nodal structures of the resonances, as in a bound-state function. For

short-lived resonances, however, j�ej and j�oj will differ, since they will

describe the different decay dynamics produced by the even and odd n Feynman

paths; separating them will therefore reveal how this dynamics is changed by

the GP. The same is true for resonances which are long lived, but which are

trapped in a region of space that does not encircle the CI, so that the decay

dynamics involves just a few Feynman loops around the CI.

V. OUTLOOK AND CONCLUSIONS

The central theme of this chapter is that the effect of the GP on the dynamics of a

chemical reaction is very simple, thanks to the topological property of homotopy.
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Feynman paths that loop a different number of times around the CI are decoupled

from one another in the sum-over-paths, with the result that the nuclear wave

function can be split into separate contributions from the even- and odd-looping

paths. The sole effect of the GP is to change the relative sign of these two

components.

Although the basic physics behind this idea is not new (it was applied to the

Aharonov—Bohm effect many years ago [42, 43, 45]), its application to chemical

reaction dynamics was made only very recently, in our application to solve the

cancellation puzzle in HþH2 [27–29]. This application has been discussed here

in some detail, since it illustrates how to use homotopy to explain GP effects in

chemical reactions. If one can compute the GP and non-GP nuclear wave

functions, then adding and subtracting these functions yields the even- and odd-

looping components. If one cannot compute the wave functions, one can still

estimate the likely magnitude of GP effects by modeling the dynamics of the

even- and odd-looping reaction paths using classical trajectories.

Hence, the GP has a much milder effect on reactive systems than on bound-

state systems. This difference has been overlooked in the past, but becomes

apparent on noting that an encircling bound-state function contains Feynman

paths that loop an infinite number of times around the CI [28]. Consequently,

the encirclement of a bound-state wave function is much stronger than that of a

reactive wave function; the bound wave function cannot be unwound from

around the CI, whereas the reactive wave function can. One consequence of this

is that the separation into even- and odd-looping paths yields no information

about the dynamics of a bound state system, in which these two contributions

are necessarily equal and opposite [28].

The HþH2 example gives clues as to whether GP effects are likely to be

important in other reactions. The GP effects cancel in the integral cross-section

of HþH2 because the even- and odd-looping paths scatter into different regions

of angular phase space. It seems reasonable to assume that many other direct

reactions will scatter in a similar manner (since looping different numbers of

times around the CI necessarily entails very different types of reaction

mechanism), and therefore show similar cancellations. We can also conclude

that there will be no GP effects in reactions that involve phase averaging (e.g.,

statistical capture reactions [76]). For similar reasons, GP effects are very

unlikely to affect the outcome of reactions in liquids. The best experiments to

see GP effects in reactions are thus likely to be ultrafast control experiments, in

which an encircling wave function is probed at short times [77].
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I. INTRODUCTION

Optimal Control Theory (OCT) is a broad subject with applications in very many

fields. In this chapter, we consider the application of OCT in the area of designing

laser pulses for manipulating molecular processes. This application of OCT falls

within the area of coherent control, which is the science of using shaped or

tailored laser pulses to determine or steer the outcome of a chemical process. The

term ‘‘coherent’’ implies that the phase of the light plays an important role and

that the same control could not be achieved through manipulation of just the

amplitude of the light intensity. Two excellent books, [1, 2], the proceedings of

two conferences, [3, 4], special issues of two journals [5, 6], and many review

articles [7–25], have already been published on this subject, as well as a host of

research papers. The current review will deal only with the theoretical aspects of

the subject and presents, in a coherent fashion, many of the details of the OCT

formulation of the coherent control problem in quantum dynamics. In particular,

we focus on the equations necessary for determining the optimal field and the

numerical methods for the solution of the resultant equations, including methods

for applying constraints on the field. We also discuss an approach, with

illustrative examples, for including effects beyond the dipole approximation and

the use of analytic methods for guiding or interpreting OCT solutions. This

chapter will not directly address any experimental problems. The interested

reader is referred to the several excellent reviews focussing on the experimental

aspects of control. [21–25]. Having said this, our general approach is that the

theoretical treatment should be accurate and capable of correctly predicting and

interpreting real experiments.

There are two general theoretical approaches to laser control: (1) a small

number of interfering optical pathways are chosen based on physical intuition or

(2) many interfering pathways are created using algorithmic methods. In

the former, the mechanisms leading to control need to be identified a priori.

In the latter, the control mechanisms are often unidentified due to the number of

interfering pathways and the complexity of the laser fields. Approach (1) can be

further broken down into two general subgroups: phase control methods as

pioneered by Brumer and Shapiro [26] and the ‘‘pump–dump’’ method of

Tannor and Rice [7, 27–29]. While all coherent-control scenarios require the

existence of multiple paths from the initial to final state, the phase-control

approach is a weak field one utilizing (usually) two paths. Control is achieved

by manipulating the relative phases and amplitudes of the two pathways. On the

other hand, the pump–dump approach envisages a pump pulse (often of
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femtosecond duration) that excites a system to an electronically excited state.

After a time delay, during which there is free evolution of the excited-state wave

packet on the potential energy surface, a dump–pulse deexcites the system back

to the ground-state surface. Control is achieved by varying the properties of the

initial excitation pulse, the time delay, and the properties of the dump pulse.

Tannor and Rice demonstrated that these laser parameters could be optimized to

maximize control objectives. The algorithmic approach is due to the extensive

work of Rabitz and co-workers [30, 31] and is based on optimal control theory,

which has been widely used in engineering applications. The theory is centered

around the definition of an ‘‘objective functional’’, which has its maximum

value when the desired transformation is successfully achieved by the laser

pulse under consideration. Much of the following chapter will be directed at

discussion of this method and its application. In related work, Rabitz and co-

workers advocated the use of a ‘‘closed-loop’’ or feedback process [8, 32] in

which the results of an experiment are fed back to a pulse design procedure. The

design of the laser pulse is progressively modified so as to produce an optimal

outcome. This approach has led to several successful experimental applications

[33–40] and can also, in principle, be used as a theoretical procedure for the

design of optimal laser pulses.

In Section II, the basic equations of OCT are developed using the methods of

variational calculus. Methods for solving the resulting equations are discussed

in Section III. Section IV is devoted to a discussion of the Electric Nuclear

Born–Oppenheimer (ENBO) approximation [41, 42]. This approximation pro-

vides a practical way of including polarization effects in coherent control

calculations of molecular dynamics. In general, such effects are important as

high electric fields often occur in the laser pulses used experimentally or

predicted theoretically for such processes. The limits of validity of the ENBO

approximation are also discussed in this section.

All of the methods for designing laser pulses to achieve a desired control of a

molecular dynamical process require the solution of the time-dependent

Schrödinger equation for the system interacting with the radiation field.

Normally, this equation must be solved many times within an iterative loop.

Different possible approaches to the solution of these equations are discussed in

Section V.

Optimal control theory, as discussed in Sections II–IV, involves the

algorithmic design of laser pulses to achieve a specified control objective.

However, through the application of certain approximations, analytic methods

can be formulated and then utilized within the optimal control theory

framework to predict and interpret the laser fields required. These analytic

approaches will be discussed in Section VI.

Section VII presents a brief summary of this chapter. Technical aspects of the

necessary derivations are, in general, presented in the appendices.
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II. OPTIMAL CONTROL THEORY

A. Basic Formalism

Optimal control theory provides a formal framework for designing laser pulses to

achieve different objectives. The theory operates by defining an objective (or cost)

functional, J, which measures the success of a particular laser pulse in achieving

the assigned objective. The details of the objective functional depend on

the desired purpose of the laser pulse. The theory aims to maximize the objective

functional so as to find the optimal laser pulse for achieving the desired objective.

Thus normally a target wave function, �, will be defined and the aim of the

optimal control procedure will be to design a laser pulse that will force the system

from its initial state [described by a wave function cðt ¼ 0Þ ¼ fi] into the desired

final state at the end of the laser pulse [i.e., cðt ¼ TÞ ¼ �, where the pulse

duration lasts from t ¼ 0 to t ¼ T]. The principal term in the objective functional

will therefore be jhcðt ¼ TÞj�ij2, the square of the overlap between the system

wave function at the end of the pulse and the target wave function. Following the

work of Shi and Rabitz [43]. The cost functional may be defined in the form:

J ¼ jhcðTÞj�ij2 �
ðT
0

f ½EðtÞ�dt � 2<
ðT
0

dt hwðtÞ q
qt

þ i

�h
ĤðEðtÞÞ

� �����
����cðtÞi

� �

ð1Þ

where � is the target wave function, wðtÞ is an undetermined Lagrange

multiplier, which ensures that the time-dependent Schrödinger equation is

obeyed at all times and EðtÞ is the electric field at time t. In the third term, the

notation ĤðEðtÞÞ indicates that the Hamiltonian depends on time through the

variation of the electric field of the laser with time.

The second term in Eq. (1) is a penalty term representing constraints on the

control field EðtÞ via a functional f and is extremely important in determining

the outcome of the optimization. The most common penalty term, and that first

introduced by Rabitz and co-workers [41], is

f ½EðtÞ� ¼ bEðtÞ2 ð2Þ

where b is a constant penalty parameter set to provide constraints on the total

laser fluence,
Ð T
0
EðtÞ2dt. If it is desired to constrain the total pulse energy, the

penalty term may be written in the form f ½EðtÞ� ¼ b½EðtÞ2 � E� where E is a

constant and b is a Lagrange multiplier rather than a constant [1, 29]. An

alternative penalty term for the laser fluence has also been utilized:

f ½EðtÞ� ¼ bEðtÞ4 ð3Þ
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where b is a constant. This alternate form was chosen to account for effects of

molecular polarizability (see discussion in Appendix A).

Other forms of the objective functional have also been utilized. Zhu and

Rabitz have formulated expressions [44, 45] for the more general problem of

achieving quantum control over the expectation value of a positive

definite operator, that is, a physical observable. Ohtsuki et al. [46] have

extended the formalism to apply to multiple targets beyond population transfer

to a single state, that is, beyond jhcðt ¼ TÞj�ij2. Tesch and de Vivie-Riedle

generalized the optimal control algorithm in order to find the optimized field for

simultaneously steering a set of initial states to a set of final states [47]. Such a

generalization has direct applicability to molecular quantum computing

[47–54]. Xu and co-workers formulated the optimal control problem for

dissipative non-Markovian systems [55]. Optimal control schemes for time-

dependent targets are presented in Refs. [56–59].

In Appendix A, we follow the derivation of Shi and Rabitz and carry out the

functional variation of the objective functional [Eq. (1)] so as to obtain the

equations that must be obeyed by the wave function ðcðtÞÞ, the undetermined

Lagrange multiplier ðwðtÞÞ, and the electric field ðEðtÞÞ. Since the results

discussed in Section IV.B focus on controlled excitation of H2, where molecular

polarizability must be considered, the penalty term given by Eq. (3) is used and

the equations that must be obeyed by these functions are (see Appendix A for a

detailed derivation):

i�h
q
qt
cðtÞ ¼ ĤðeðtÞÞcðtÞ; cð0Þ ¼ fi ð4:aÞ

i�h
q
qt
wðtÞ ¼ ĤðeðtÞÞwðtÞ; wðTÞ ¼ h�jcðTÞi� ð4:bÞ

4b½eðtÞ�3 ¼ 2

�h
Im wðtÞ qĤðeðtÞÞ

qeðtÞ
����

����cðtÞ
� �

ð4:cÞ

Equation (4.a) states that the wave function cðtÞ must obey the time-dependent

Schrödinger equation with initial condition cðt ¼ 0Þ ¼ fi. Equation (4.b) states

that the undetermined Lagrange multiplier, wðtÞ, must obey the time-dependent

Schrödinger equation with the boundary condition that wðTÞ ¼ h�jcðTÞi� at the

end of the pulse, that is at t ¼ T . As this boundary condition is given at the end of

the pulse, we must integrate the Schrödinger equation backward in time to find

wðtÞ. The final of the three equations, Eq. (4.c), is really an equation for the time-

dependent electric field, EðtÞ.
Equation (4.c) is discussed in Appendix A. For a symmetric molecule that

does not possess a dipole moment and interacts with the electric field of the

laser pulse through its polarizability, the choice of the penalty function for the
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fluence ½�b
Ð T
0
dt EðtÞ4� in Eq. (1) is the appropriate choice. For such a system,

the customary choice of penalty function ð�b
Ð T
0
dt EðtÞ2Þ does not lead to an

equation for determining the electric field, see Appendix A [Eq. (A-20)] for

details.

B. Additional Restrictions on Laser Pulse

In early work in the optimal control theory design of laser fields to achieve

desired transformations, the optimal control equations were solved directly,

without constraints other than those imposed implicitly by the inclusion of a

penalty term on the laser fluence [see Eq. (1)]. This inevitably led to laser fields

that suddenly increased from very small to large values near the start of the laser

pulse. However, physically realistic laser fields should turn-on and -off smoothly.

Therefore, during the optimization the field is not allowed to vary freely but is

rather expressed in the form [60]:

EðtÞ ¼ sðtÞ E0ðtÞ ð5Þ

where sðtÞ is a pulse envelope function. The pulse envelope, sðtÞ, is kept fixed
thus forcing the laser field to go to zero at the beginning and the end of the pulse

and only the residual field E0ðtÞ is varied so as to maximize the objective

functional [41, 42, 60–62]. Two different forms of the envelope are often

considered: a sine-squared pulse or a Gaussian pulse. The sin2 pulse has the

form:

sðtÞ ¼ sin2ðn pt=TÞ ð6Þ

where the pulse lasts from t ¼ 0 to t ¼ T and n corresponds to the number of

maxima in the pulse envelope (normally chosen to be 1). The choice of a

Gaussian function centered at the mid-point of the pulse [62] has the slight

disadvantage that the field does not go strictly to zero before and after the pulse.

However, it has the advantage that it corresponds more closely to an

experimentally realizable form.

Another restriction we may often wish to place on the laser pulse is to limit

the frequency range of the electric field in the pulse. One method that has been

used to accomplish this is simply to eliminate frequency components of the field

that lie outside a specified range [63]. Another possibility is to use a frequency

filter, such as the twentieth-order Butterworth bandpass filter [64], which is a

smoother way of imposing basically the same restrictions [41, 42]. In order to

impose such restrictions on the frequency content of the pulse, the time-

dependent electric field of the laser pulse must be Fourier transformed so as to

obtain its frequency spectrum. After the frequency spectrum of the laser pulse

has been passed through the filter, it is back transformed to yield back a
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modified time-dependent electric laser field (see Section III.A below for further

details).

As has often been noted [60] the designed laser pulses, which result from an

optimal control theory calculation, are generally quite complex and this is an

impediment to their experimental realization. It may therefore be desirable to

simplify the frequency spectrum of the pulse, which may be done by reducing or

eliminating the contributions from frequencies that occur only with a small

amplitude. This procedure has been called ‘‘sifting’’ [42]. If dðoÞ is the Fourier
transform of the electric field increment to be added to the old or previous

electric field at some particular iteration, then we wish to multiply the largest

value of dðoÞ by 1:0 and all other components by smaller numbers to reduce

their significance. This may be done in many ways, but one sifting function that

has been applied is

dnewðoÞ ¼ 1

2
1þ tanh

90:0

dmax

jdoldðoÞj � dmax

3

� 	� �� �
doldðoÞ ð7Þ

where doldðoÞ is the Fourier transform of the electric field increment to be added

to the old or previous electric field, and dmax is the maximum amplitude for all o
of this function.

Other methods for imposing constraints on the frequency components of the

optimized pulses have also been considered in the literature. A subspace

projection method was developed by de Vivie-Riedle and co-workers to reduce

the spectral complexity of the final field from the OCT algorithm [65]. They

have also designed an alternate form of the objective functional that allows for

large values of the penalty parameter b, [see Eq. (2)], which leads to spectrally

simple pulses. Two experimental methods implemented within the closed-loop

algorithm for reducing spectral complexity are also worth noting: a simple

reduction in the number of adjustable parameters [66] and control pulse

cleaning [67], where genetic pressure is applied on spectral components to

reduce complexity. The imposition of the constraint on frequency content is

again discussed in Section III as it is imposed in conjunction with the iterative

solution of the OCT equations [Eq. (4)].

The main mechanism for restricting the magnitude of the electric field of the

laser pulse is through the second term in Eq. (1), which is a penalty term

specifically to address this point. In some cases, it may be desirable to further

guarantee that the field does not exceed some specified limits. In this case,

various restrictions may be placed on the variation of the electric field strength

during the iterative solution of Eq. (4). One method for imposing these

restrictions is discussed briefly in Section III [see Eqs. (13) and (14) and the

accompanying discussion]. Shen and Rabitz [68] showed that explicit

restrictions on the maximum field amplitude can be applied through alternate
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definitions of the cost functional, Eq. (1). More recently, Farnum and Mazziotti

[69] introduced a trigonometric mapping into the standard optimal control

scheme to restrict the maximum field strength explicitly rather than indirectly

through limiting the field energy with a penalty term of the form given by

Eq. (2).

An alternate method for introducing pulse restrictions has been introduced by

one of us (AB) recently within an iterative scheme for solving the optimal

control equations [70]. The idea is that a new reference field EðtÞ is constructed
based on the field from the previous iteration after the application of a filter

function F to ensure the fulfilment of some predesigned temporal and spectral

properties. Therefore, a penalty term of the form

f ½EðtÞ� ¼ bðEðtÞ � ErefðtÞÞ2 ð8Þ

is utilized where ErefðtÞ is the filtered field obtained in a previous iteration (see

Section III.B for a discussion of iterative methods for solving the optimal control

problem). The utility of the method has been demonstrated by applying both

constraints on the spectral bandwidth and on the maximum field amplitude [70],

although more sophisticated filters could also be applied. A similar method was

also introduced by Werschnik and Gross [71].

Rather than applying constraints on an optimized pulse, one can a priori

choose a fixed form for the laser field described by multiple parameters, for

example, amplitudes, frequencies, and phases, and then optimize this set of

variables for achieving the desired objective. Then one must perform a multi-

parameter optimization or search, which is the basis of the closed-loop experi-

ments[8, 22, 23, 32, 39, 40]. Several different approaches have been utilized

for finding the optimized fields: conjugate gradient methods [72]; simu-

lated annealing [73]; and, now most widely used, genetic algorithms [74–77].

An interesting discussion comparing pulses determined using optimal

control algorithms versus parameter space searching is given in Ref. [78].

We will not discuss OCT methods using such fixed-form fields further in this

chapter.

C. Photodissociation

The problem of controlling the outcome of photodissociation processes has been

considered by many authors [63, 79–87]. The basic theory is derived in detail in

Appendix B. Our set objective in this application is to maximize the flux of

dissociation products in a chosen exit channel or final quantum state. The theory

differs from that set out in Appendix A in that the final state is a continuum or

dissociative state and that there is a continuous range of possible energies (i.e.,

quantum states) available to the system. The equations derived for this case are
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[see Appendix B Eq. (B.18)]:

i�h
q
qt
cðtÞ ¼ ĤcðtÞ; cð0Þ ¼ fi ð9aÞ

i�h
q
qt
wðtÞ ¼ ĤwðtÞ � i�h� F̂cðtÞ; wðTÞ ¼ 0 ð9bÞ

EðtÞ ¼ � 1

�hb
Im hwðtÞjmjcðtÞi ð9cÞ

Here, we have considered the case where the interaction of the system with the

light is mediated through a dipole operator. Several electronic states of the

system may be involved and the wave functions are generalized to column

vectors each of whose components correspond to a nuclear wave function

associated with a different electronic state of the system. The matrices Ĥ, �, F̂,
and m similarly have diagonal terms that are associated with a single electronic

state and off-diagonal terms that couple different electronic states. � is a

diagonal matrix whose elements allow us to choose which dissociation channels

we wish to target for optimization. As with all numerical photodissociation

calculations, the wave function must be absorbed at the edge of the finite

grid. This is normally achieved through the use of a complex absorbing potential

[88–91].

III. METHODS FOR SOLVING THE OPTIMAL

CONTROL PROBLEM

The solution of the coupled equations, Eq. (4.a–4.c), must of necessity be

performed in an iterative manner, as knowledge of the electric field, EðtÞ, is
needed to solve the time-dependent Schrödinger equations and to determine cðtÞ
and wðtÞ, but it is EðtÞ which we vary in order to maximize J. Another way of

viewing the problem is that the field strength EðtÞ, which maximizes J, depends

on cðtÞ and wðtÞ through Eq. (4.c). The most straightforward approach to the

iterative solution of Eqs. (4.a–c) is to first guess an initial time-dependent laser

field. Having specified an initial guess to the time-dependent electric field of the

laser pulse, the time-dependent Schrödinger equation, Eq. (4.a) must be solved

with the initial boundary condition that the wave function be equal to the

specified initial wave function of the system, fi, before the laser pulse. After

solving this equation, we will know the wave function of the system at the end of

the laser pulse ðcðTÞÞ and we will be in a position to calculate the space integral
h�jcðTÞi, where � is the wave function of our target state. We can now solve the

equation for the undetermined Lagrange multiplier, wðtÞ, that is, Eq. (4.b). This
equation must be solved backward in time, starting with the boundary condition

at t ¼ T of wðTÞ ¼ h�jcðTÞi�. Having obtained both cðtÞ and wðtÞ we can now
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calculate a new time-dependent laser field using Eq. (4.c) [see also Eq. (A-16) and

the associated discussion]. This now constitutes a self-consistent loop. Having

obtained a new electric field, we repeat the whole procedure again starting with

the solution of Eq. (4.a) for cðtÞ and this is repeated until the changes in the

objective functional J (arising from the variation of the time-dependent electric

field) are smaller than some preassigned threshold. While this approach is

straightforward, in general it converges very slowly, if at all, to the optimal

solution [92, 93]. In Section III.B we discuss various more recently devised

iterative methods that exhibit improved convergence properties [56, 81, 92–94].

An alternative to such an iterative approach is to attempt to optimze the

objective functional J directly. Such techniques work best if the derivative of

the functional with respect to the variable is known. In our case, we split the

time duration of the pulse into small increments, dt. The field strength is taken

as constant during each of these increments. In Appendix C, we derive an

expression for the derivative of the objective functional with respect to the

electric field strength during the ith time interval [41, 42]. With a knowledge of

cðtÞ and wðtÞ we can evaluate the derivative of the objective functional in the ith

time interval. Knowing this derivative we can apply standard optimization

techniques, such as steepest descent or conjugate gradient [95] to find the field

parameters that maximize the objective functional [96–99].

A. Conjugate Gradient Method

With the objective functional, J, being defined as in Eq. (1) and using the penalty

term f ½EðtÞ� ¼ bE4ðtÞ, the gradient of the objective functional with respect to

variation of E0 at time t is given by (see Appendix C):

gkðtÞ � dJk

dEk0ðtÞ
¼ �sðtÞ 4 b EkðtÞ
 �3� 2

�h
Im

�
wðtÞ

���� qĤðR; EkðtÞÞ
qEkðtÞ

����cðtÞ
�� �

ð10Þ

where the superscript k indicates the iteration number in the optimization cycle.

Using Eq. (10), the Polak–Ribière–Polyak [100] search direction can be

calculated as:

dkðtiÞ ¼ gkðtiÞ þ �kdk�1ðtiÞ ð11Þ
where

�k ¼
P

j g
kðtjÞT gkðtjÞ � gk�1ðtjÞ

� 

P

j g
k�1ðtjÞTgk�1ðtjÞ

ð12Þ

k ¼ 2; 3; . . . ; d1ðtiÞ ¼ g1ðtiÞ; �k is the conjugate gradient update parameter

and the summation is over all time intervals. A line search is then performed
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along this direction to determine the maximum value of the objective

functional.

There are different variants of the conjugate gradient method each of which

corresponds to a different choice of the update parameter �k. Some of these

different methods and their convergence properties are discussed in Appendix D.

The time has been discretized into N time steps ðti ¼ i� dt where

i ¼ 0; 1; � � � ;N � 1Þ and the parameter space that is being searched in order to

maximize the value of the objective functional is composed of the values of the

electric field strength in each of the time intervals.

Although the overall cost of the conjugate gradient algorithm may be higher

than that of some of the iterative algorithms described in Section III.B, the

algorithm allows us easily to restrict the spectral and temporal structure of

optimal pulses and enables us to incorporate the exact form of the laser–

molecule interactions.

We now discuss the imposition of an additional restriction on the magnitude of

the electric field strength and also the restriction of the frequency content of the

laser pulse. These items are discussed here (rather than in Section II.B) as they are

generally implemented during the line search stage of the conjugate gradient

maximization of the objective functional, although they may be imposed on the

electric field at other stages of the optimization process.

The penalty function for the laser fluence, which gives rise to the term

involving b in Eq. (10), acts to limit the magnitude of the electric field to within

physically acceptable limits. In order to further limit the field strength the search

direction dkðtiÞ is projected as follows [101]:

dkpðtiÞ ¼ PðEk0ðtiÞ þ dkðtiÞÞ � Ek0ðtiÞ ð13Þ

Here, the projector PðxÞ is defined as:

PðxÞ ¼ signðxÞ xlim if jxj > xlim

PðxÞ ¼ x if x 2 ½�xlim; xlim�
ð14Þ

where xlim is some number Emax.

Straightforward application of OCT as described above often results in a

quite complicated pulse shapes and may especially introduce some high

frequency components, which are difficult to realize experimentally, into the

pulse. It is thus highly desirable to find an optimized pulse with spectral

components within a predefined frequency range. With this end in view the

projected search direction is subjected to a spectral filter

~dkpðtÞ ¼
ð
hðoÞFo½dkpðtÞ�e�iotdo ð15Þ
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where Fo½dkpðtÞ� is the Fourier component at frequency o and hðoÞ is a spectral
filtering function. One possible form of filter function is the twentieth-order

Butterworth bandpass filter [64], in which an upper ðohÞ and a lower ðo‘Þ bounds
of the frequency window are defined

hðoÞ ¼ 1þ o‘

o

� �40� �
1þ o

oh

� �40� �� ��1=2

ð16Þ

in order to restrict the frequency components of the electric field to a predefined

range [63]. The time-dependent electric field for the next iteration in the

optimization cycle is given by

Ekþ1ðtiÞ ¼ EkðtiÞ þ lsðtiÞdkpðtiÞ ð17Þ

where dkpðtiÞ is the projected and frequency filtered search direction and l is

determined by the line search.

B. Iterative Methods

One of the most used iterative algorithms was suggested by Rabitz and others

[44, 45, 92] and may be considered to be an extension of an algorithm due to

Tannor et al. [81, 93]. Both formulations share a common property: that at each

iteration they are guaranteed to increase the magnitude of the objective

functional. Later Maday and Turinici [94] presented a unified framework for

the monotonically convergent algorithms that contains, as particular cases, the

two classical methods cited above. This class of algorithms was reported to

converge much faster than gradient-type methods and also to be relatively

insensitive to the initially guessed pulse.

To improve the convergence of the gradient-type method, Tannor et al.

[81, 93] suggested employing the Krotov iteration method [102]. In formulating

their method, they utilize a penalty function of the form f ½EðtÞ� ¼ bE2ðtÞ.
In Tannor’s Krotov method, the kth iteration step of the solution process is

given by

i�h
q
qt
ckðtÞ ¼ ½Ĥ0 � EkðtÞm�ckðtÞ; ckð0Þ ¼ fi ð18:aÞ

EkðtÞ ¼ � 1

b�h
Imhwk�1ðtÞjmjckðtÞi ð18:bÞ

i�h
q
qt
wkðtÞ ¼ ½Ĥ0 � mEkðtÞ�wkðtÞ; wkðTÞ ¼ h�jckðTÞi� ð18:cÞ
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The coupled Eqs. (18.a and b) may be solved by propagating the nonlinear

equation,

i�h
q
qt
ckðtÞ ¼ Ĥ0 þ 1

b�h
Imhwk�1ðtÞjmjckðtÞim

� �
ckðtÞ; ckðt ¼ 0Þ ¼ fi

ð19Þ
This equation is obtained by substituting Eq. (18.b) into Eq. (18.a). The

difference between the Krotov method and the straightforward iterative approach

lies in the details of how the electric field term, EkðtÞ ¼ � 1
b�h Imhwk�1ðtÞjmjckðtÞi,

is computed at each iteration. This is discussed in more detail in Appendix E. The

key aspect of the method resides in the fact that the electric field is updated as

soon as possible in the iterative process for the solution of the time-dependent

Schrödinger equation Eq. (18.a) or (19). Thus, if a first-order method is used for

the solution of these equations, then the electric field, Ekðt ¼ tiÞ needed to

propagate the solution from t ¼ ti to t ¼ tiþ1 is computed using wk�1ðtiÞ and

ckðtiÞ (which has just been computed in the preceding time step). In the more

straightforward method, the electric field would have been precomputed using

ck�1ðtÞ, which is known from the preceding iteration.

It was reported that the convergence of the Krotov iteration method [81, 93]

was four or five times faster than that of the gradient-type methods. The

formulation of Rabitz and others, [44, 45, 92], designed to improve the

convergence of the above algorithm, introduces a further nonlinear propagation

step into the adjoint equation (i.e., the equation for the undetermined Lagrange

multiplier wðtÞ) and is expressed as

i�h
q
qt
ckðtÞ ¼ ðĤ0 � EkðtÞmÞckðtÞ; ckð0Þ ¼ fi ð20:aÞ

EkðtÞ ¼ � 1

b�h
Imhwk�1ðtÞjmjckðtÞi ð20:bÞ

i�h
q
qt
wkðtÞ ¼ ðĤ0 � m~EkðtÞÞwkðtÞ; wkðTÞ ¼ h�jckðTÞi� ð20:cÞ

~EkðtÞ ¼ � 1

b�h
ImhwkðtÞjmjckðtÞi ð20:dÞ

The similarity between the two algorithms inspired the work of Maday and

Turinici [94]. They clarified the relationships between them and presented an

unified formulation. In the formulation of Maday and Turinici [94], the iteration

scheme is written as:

i�h
q
qt
ckðtÞ ¼ ðĤ0 � EkðtÞmÞckðtÞ; ckð0Þ ¼ fi ð21:aÞ

EkðtÞ ¼ ð1� dÞ~Ek�1ðtÞ � d
b�h

Imhwk�1ðtÞjmjckðtÞi ð21:bÞ
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i�h
q
qt
wkðtÞ ¼ ðĤ0 � m~EkðtÞÞwkðtÞ; wkðTÞ ¼ h�jckðTÞi� ð21:cÞ

~EkðtÞ ¼ ð1� ZÞEkðtÞ � Z
b�h

ImhwkðtÞjmjckðtÞi ð21:dÞ

It can be seen that the algorithm of Rabitz et al. [44, 45, 92] corresponds to

ðd ¼ 1; Z ¼ 1Þ and that the algorithm of Tannor et al. [81, 93] is given by

ðd ¼ 1; Z ¼ 0Þ. In Appendix F, we follow the proof used in Ref. [94] and show

that the iteration procedure laid out in Eqs. (21.a–d) is guaranteed to converge.

It was observed that the Krotov method ðd ¼ 1 and Z ¼ 0Þ usually achieves

its convergence limit [moderately accurate JðEkþ1Þ � JðEkÞ � 10�4 or 10�5]

with a smaller number of iteration steps in comparison with the algorithm of

Rabitz et al. [44, 45, 92] ðd ¼ 1 and Z ¼ 1Þ (see Refs. [94, 56, and 103]). On the
other hand, the algorithm of Rabitz et al. [44, 45, 92] may achieve high

accuracy, for example, JðEkþ1Þ � JðEkÞ � 10�10. It was also observed that the

case of ðd ¼ 0:5 and Z ¼ 0Þ exhibited faster convergence than the Krotov

method in certain cases. The optimal choice of d and Z for achieving fast

convergence depends on the molecular system and also the stage of

optimization (the choice may be changed during the course of an optimisation).

A procedure was established for the choice of ‘‘good’’ parameters [56, 103].

Note that the iterative algorithms given above rely on the fact that (1) the

interaction of the molecule with the laser is treated within the electric dipole

approximation; and (2) that the penalty term is defined as f ½EðtÞ� ¼ bE2ðtÞ.
Recently, Salomon et al. [104] extended the monotonically convergent

algorithms to incorporate dipole polarization. For the high field strengths,

which occur in many experiments, significant high order interaction terms in the

laser field–molecule interaction may need to be considered. In this case, the

laser–molecule interaction may not be known analytically, and it may not be

possible to establish an iterative scheme. In such a case, a gradient-type method

may have to be used.

IV. THE ELECTRIC NUCLEAR BORN–OPPENHEIMER
APPROXIMATION

Many of the initial theoretical models used to validate the concept of coherent

control and optimal control have been based on the interaction of the electric

field of the laser light with a molecular dipole moment [43, 60, 105]. This

represents just the first, or lowest, term in the expression for the interaction of an

electric field with a molecule. Many of the successful optimal control

experiments have used electric fields that are capable of ionizing the molecules

and involve the use of electric field strengths that lead to major distortions of the

molecular electronic structure. With this in mind, there has been discussion in the
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literature of methods suitable for modeling the interaction of molecules with

such strong laser fields [41, 42, 106] and also with time-dependent strong laser

fields [107–113]. In this section, we discuss an approach that takes account of the

distortion of the molecular electron density by the electric field of the laser light.

The approach has been called the ENBO approximation [41, 42]. It uses the

concept of an electronically adiabatic electronic state [106, 114, 115]. The

assumption is made that the electrons can react instantaneously to the ‘‘slow’’

changes of the electric field of the laser light, as well as to the changes in

nuclear geometry. This is therefore a generalization of the Born–Oppenheimer

approximation [116] to include the electric field strength and direction, as well

as the nuclear coordinates, as parametric, slowly varying variables in the

electronic wave function. By using this approach, the electronic wave function

and the electronic energy depend on the fixed values of the nuclear geometry

and the static electric field strength and direction for which they have been

evaluated. The evaluation of these quantities requires no new electronic

structure codes, as nearly all available codes can compute the electronic wave

function, at several sophisticated levels of theory, in the presence of a static

electric field [117–121]. The electronic energy, which results from solving the

electric field-dependent electronic Schrödinger equation, may be written in the

form VðR; EÞ. This electronic energy is then taken to act as the potential that

governs the motion of the nuclei in the subsequent dynamics.

As with all adiabatic theories, the electronically adiabatic wave functions

may be used as a basis set to describe the exact wave function of the system

even in situations where transitions between different adiabatic electronic states

occur. This provides an accurate way of testing the validity of using the ENBO

approximation, in which it is assumed that the system will remain throughout in

its lowest adiabatic electronic state. The ENBO approximation has been applied

to several calculations involving vibrational and rotational excitation of the H2

[41, 42, 61, 62] and HF molecules [122]. As dihydrogen ðH2Þ is a homonuclear

diatomic molecule it does not, by symmetry, possess any dipole moment. So

previous treatments, which took account only of the electric field–dipole

moment interaction term, are inapplicable in this case. For an electric field

strength of 2:06� 108 V cm�1 ð5:6� 1013 W cm�2Þ and a frequency of

2:63� 1014 s�1 it has been shown [41] that a laser pulse of 1.55 ps will excite

at most 0.02% of the H2 molecules out of their lowest adiabatic electronic state.

For frequencies and field strengths below these values, the ENBO approxima-

tion may therefore be used in its simplest form (i.e., without accounting for

electronically nonadiabatic processes). These findings agree qualitatively with

other estimates based on theoretically computed ionization rates. Based on the

findings of Usachenko and Chu [123] a laser pulse of 1.5 ps duration and having

an intensity of 5:6� 1013 W cm�2 with a frequency of 5:8� 1014 s�1 would

ionize 0.6% of a sample of H2 and up to 3% of a sample of N2 molecules.
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Below we give a brief theoretical overview of the ENBO approximation. The

derivation follows closely that given in Ref. [41] and serves to make clear the

approximations inherent in the method.

A. Theoretical Formulation

Treating the radiation in the semiclassical dipole approximation, the Hamilto-

nian operator in the presence of an electric field EðtÞ may be written in atomic

units as:

Ĥtotalðr;R; EðtÞÞ ¼ T̂nuðRÞ þ Ĥelðr;R; EðtÞÞ ð21Þ
where r represents the electronic coordinates and R the nuclear coordinates.

The electronic Hamiltonian is

Ĥelðr;R; EðtÞÞ ¼ � �h2

2me

X
i

r2
ri
�
X
ai

Za e

4pE0Rai
þ
X
i> j

e2

4pE0r ij

þ
X
i

ri �
X
a

ZaRa

( )
� EðtÞ þ

X
a<b

ZaZb

4pE0Rab
ð22Þ

and the nuclear kinetic energy operator is

T̂nuðRÞ ¼ � �h2

2

X
a

1

Ma
r2

Ra
ð23Þ

where Rai ¼ jRa � rij, r ij ¼ jrj � rij, Za are the nuclear charges and Ma the

nuclear masses.

This treatment differs from the usual approach to molecule–radiation inter-

action through the inclusion of the contribution from the electric field from the

beginning and by not treating it as a perturbation to the field free situation. The

notation Ĥelðr;R; EðtÞÞ makes the parametric dependence of the electronic

Hamiltonian on the nuclear coordinates and on the electric field explicit.

The full time-dependent Schrödinger equation may be written as

i�h
q
qt
�ðr;R; t; EðtÞÞ ¼ Ĥtotalðr;R; EðtÞÞ�ðr;R; t; EðtÞÞ ð24Þ

The adiabatic electronic potential energy surfaces (a function of both nuclear

geometry and electric field) are obtained by solving the following electronic

eigenvalue equation

Ĥelðr;R; EðtÞÞfkðr;R; EðtÞÞ ¼ EkðR; EðtÞÞfkðr;R; EðtÞÞ ð25Þ
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where EkðR; EðtÞÞ are the desired adiabatic electronic potential energy surfaces.

The notation EkðR; EðtÞÞ makes clear that the surface depends parametrically on

both the nuclear coordinates and on the electric field. It depends indirectly on

time through the electric field.

The time-dependent wave function, �ðr;R; t; EðtÞÞ, can be expanded in terms

of the field-dependent adiabatic electronic eigenfunctions of Eq. (25):

�ðr;R; t; EðtÞÞ ¼
X
k

ckðR; tÞfkðr;R; EðtÞÞ ð26Þ

Substituting the expansion in Eq. (26) into the time-dependent Schrödinger

equation Eq. (24) we obtain

i �h
X
k

qckðR; tÞ
qt

þ ckðR; tÞ
dEðtÞ
dt

� rE

� �
fkðr;R; EðtÞÞ

¼
X
k

fEkðR; EðtÞÞckðR; tÞ þ ½T̂nuðRÞckðR; tÞ�

þ ckðR; tÞT̂nuðRÞgfkðr;R; EðtÞÞ

ð27Þ

Multiplying on the left by f�
‘ðr;R; EðtÞÞ, integrating over the electronic

coordinates and using the orthonormality of the adiabatic electronic wave

functions of Eq. (25) we obtain

i �h
qc‘ðR; tÞ

qt
þ i�h

dEðtÞ
dt

�
X
k

tð3Þ‘k ðR; EðtÞÞckðR; tÞ

¼ fT̂nuðRÞ þ E‘ðR; EðtÞÞgc‘ðR; tÞ

� �h2

2

X
k

X
a

1

Ma
f2tð1Þ‘k ðRa; EðtÞÞ � ½rRackðR; tÞ�

þ tð2Þ‘k ðRa; EðtÞÞckðR; tÞg

ð28Þ

where

tð1Þ‘k ðRa; EðtÞÞ ¼
ð
drf�

‘ðr;R; EðtÞÞrRafkðr;R; EðtÞÞ ð29Þ

and

tð2Þ‘k ðRa; EðtÞÞ ¼
ð
drf�

‘ðr;R; EðtÞÞr2
Ra
fkðr;R; EðtÞÞ ð30Þ
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are the usual field-free nonadiabatic coupling matrices of the first (vector) and

second (scalar) kind, respectively, [124] whereas

tð3Þ‘k ðR; EðtÞÞ ¼
ð
drf�

‘ðr;R; EðtÞÞrEfkðr;R; EðtÞÞ ð31Þ

is the nonadiabatic (vector) coupling matrix of the third kind due to the external

electric field EðtÞ.
Equation (28) is the set of exact coupled differential equations that must be

solved for the nuclear wave functions in the presence of the time-varying

electric field. In the spirit of the Born–Oppenheimer approximation, the ENBO

approximation assumes that the electronic wave functions can respond

immediately to changes in the nuclear geometry and to changes in the electric

field and that we can consequently ignore the coupling terms containing

tð1Þ‘k ðRa; EðtÞÞ, tð2Þ‘k ðRa; EðtÞÞ, and tð3Þ‘k ðR; EðtÞÞ. The equation for the nuclear wave
function then reduces to

i�h
qcðR; tÞ

qt
¼ fT̂nuðRÞ þ VðR; EðtÞÞgcðR; tÞ ð32Þ

where, for simplicity, the subscript on the nuclear wave function has been

omitted. It is assumed that the electronic state corresponds to the lowest adiabatic

electronic state and the ground state electronic potential energy surface has been

renamed as VðR; EðtÞÞ:
VðR; EðtÞÞ ¼ E0ðR; EðtÞÞ ð33Þ

Equation (32) is the working equation that is used in the optimal control

applications using the ENBO approximation. Further details of the theory are

given in Ref. [41].

B. Illustrative Examples

In this section, we provide some examples of optimal control theory calculations

using the ENBO approximation. The reader is referred to Ref. [42], from where

all the examples are taken, for further details.

Figure 1 shows the results of an OCT calculation for the molecular

vibrational excitation process H2ðv ¼ 0; j ¼ 0Þ ! H2ðv0 ¼ 1; j0 ¼ 0Þ. Panel (a)
————————————————————————————————"

Figure 1 (a) The optimized electric field as a function of time for the H2ðv ¼ 0; j ¼ 0Þ !
H2ðv0 ¼ 1; j0 ¼ 0Þ excitation. (b) Absolute value of the Fourier transform of the optimized electric

field. (c) The change in populations of the ground state and target excited state shown as a function

of time. Taken from Ref. [24] with permission from Qinghua Ren, Gabriel G. Balint-Kurti, Frederick

R. Manby, Maxim Artamonov, Tak-San Ho, and Herschel Rabitz, J. Chem. Phys. 124, 014111

(2006). Copyright 2006, American Institute of Physics.
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shows the electric field of the optimized laser pulse. The envelope of the

initially guessed pulse had a sin2 shape with a single maximum. The

optimization process, and in particular the effect of the penalty term, has

resulted in an optimized pulse that shows a rapid build up of the magnitude of

the electric field followed by a long plateau in this magnitude. By a suitable

choice of the fluence penalty term [see Eqs. (1) and (3)] the magnitude of the

electric field has been constrained always to be smaller than that which might

lead to ionization or to electronic excitation. Panel (b) shows the frequency

spectrum of the optimized laser pulse. It contains just two main frequencies as

compared with the initially guessed pulse that contained only the lower of these

two frequencies. The lower frequency corresponds to excitation via a two

photon process, while the higher frequency corresponds to a Raman processes.

Direct one photon vibrational excitation is not allowed in this case as the

molecule is homonuclear and does not possess a dipole moment. Panel (c)

shows the change in population of the ðv ¼ 0; j ¼ 0Þ and the ðv ¼ 1; j ¼ 0Þ
quantum levels as a function of time during the laser pulse.

Figure 2 shows the OCT results for the rotational excitation process

H2ðv ¼ 0; j ¼ 0Þ ! H2ðv0 ¼ 0; j0 ¼ 2Þ. The initial guessed laser field for this

processes involved two frequencies and the beating of these two frequencies

resulted in a pulsed structure for the electric field. The resulting optimized

electric field is shown in the top panel of the figure. It retains the pulsed shape of

the initial guessed field but, as in the case of the vibrational excitation process

(Fig. 1), the maximum field strength quickly reaches a plateau rather than

following the sin2 shape of the guessed field. The frequency spectrum of the

optimized laser pulse, shown in the central panel, is now much more

complicated than before and the population�time graph (bottom panel) has a

stepped character, reflecting the pulsed nature of the electric field.

Figure 3 demonstrates the simplifications in the spectrum of an optimized

laser pulse that can be achieved through the application of the sifting technique

[see Eq. (7)]. The excitation efficiency of the pulse is only minimally reduced

due to the additional restrictions imposed in the sifting procedure. The example

used in this case is for a vibrational–rotational excitation process,

H2ðv ¼ 0; j ¼ 0Þ ! H2ðv0 ¼ 1; j0 ¼ 2Þ.

————————————————————————————————"
Figure 2 (a) The optimized electric field as a function of time for the H2ðv ¼ 0; j ¼ 0Þ !

H2ðv0 ¼ 0; j0 ¼ 2Þ rotational excitation process. (b) Absolute value of the Fourier transform of the

optimized electric field. (c) The change in populations of the ground-and target excited-state shown

as a function of time. Taken from Ref. [24] with permission from Qinghua Ren, Gabriel G. Balint-

Kurti, Frederick R. Manby, Maxim Artamonov, Tak-San Ho, and Herschel Rabitz, J. Chem. Phys.

124, 014111 (2006). Copyright 2006, American Institute of Physics.
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V. SOLUTION OF TIME-DEPENDENT

SCHRÖDINGER EQUATION

The application of OCT requires the repeated solution of the time-dependent

Schrödinger equation [see Eqs. (4.a, b)]. Our ability to solve this equation is

therefore central to the application of the theory. If the Hamiltonian is

independent of time, then the formal solution to the time-dependent Schrödinger
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Figure 3 Frequency spectra for the optimized electric field corresponding to the excitation

process H2ðv ¼ 0; j ¼ 0Þ ! H2ðv0 ¼ 1; j0 ¼ 2Þ. (a) without frequency sifting and (b) using frequency
sifting [see Eq. (7)].
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equation can be written in the form:

cðtÞ ¼ e�iĤt=�h cðt ¼ 0Þ ð34Þ

Clearly, in OCT the Hamiltonian is intrinsically time dependent and

this form of the solution is not valid for large t values. We can, however, use

the formula to propagate the wave function forward by a small time interval

dt.

cðt þ dtÞ ¼ e�iĤðtÞdt=�h cðtÞ ð35Þ

The short-time propagator ÛðdtÞ ¼ e�iĤðtÞdt=�h becomes progressively more valid

the smaller the time step dt.
A very large number of papers have been written on the solution of the

time-dependent Schrödinger equation [125–134]. Of particular interest is a

multi author collaborative paper (Ref. [130]) that compares several different

methods. While this paper, in common with the majority of others, concentrates

mainly on situations where the Hamiltonian is independent of time, it does

consider time-dependent Hamiltonians as well. It concludes that for time-

independent Hamiltonians the Chebyshev polynomial expansion method [128,

129] should be the method of choice and that for time-dependent Hamiltonians,

as occur in OCT, the short iterative Lanczos propagation method [130] should

be used. Despite this recommendation, the most commonly used methods for

solving the time-dependent Schrödinger equation in OCT applications are the

split-operator method of Feit and Fleck [125–127] or an expansion of the wave

function, and indirectly therefore of the time-evolution operator ÛðtÞ, in terms

of the eigenfunctions of the isolated molecular Hamiltonian—see, however, Ref.

[135] where Farnum and Mazziotti discuss a spectral difference Lanczos

method for OCT problems. Kono et al. [134] compared various methods of

solving the the time-dependent Schrödinger equation where the full electronic

Hamiltonian is taken into account, including the various Coulomb interactions.

Such Hamiltonians are needed for field strengths or frequencies higher

than those on which we are concentrating in this chapter. One of the difficulties

to be overcome is to have a suitable approach for treating optimal control

problems in polyatomic (multidimensional) systems. To that end, both the time-

dependent Hartree approach [136] and the multiconfigurational time-dependent

Hartree approach [137] have been applied to OCT calculations for quantum

dynamics.

The following two sections present a brief overview of the split-operator

method, as used in several recent applications [41, 42, 61, 62], and of the basis

set expansion approach.
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A. The Split-Operator Fourier Grid Method

This section outlines one possible numerical procedure for solving the

time-dependent Schrödinger equation. An important aspect of the efficient

implementation of the split-operator method is that it should go hand in hand

with a grid representation of the wave function. Such grid representations were

first popularized in this field by Light and co-workers [138]. In these methods,

there is a one-to-one correspondence between the grid points and an orthonormal

basis set. The representation of the wave function in terms of the grid points is

termed the Discrete Variable Representation (DVR) and that in terms of the basis

functions is called the Finite Basis Representation (FBR). There is a simple

transformation of the wave function between the two bases using a unitary

matrix. The key step in any quantum mechanical time-propagation procedure

involves the action of Hamiltonian operator on the wave function. The utility of

the dual DVR–FBR representation is that the FBR representation is chosen so

that the kinetic energy operator should be local in this representation while the

potential energy is always local in the DVR representation. Below we outline the

application of these ideas to a one-dimensional (1D) system involving a radial

coordinate [125–129]. Similar representations are available also for angular grids

[138–141].

The transformations connecting the coordinate-space wave function, cðRÞ, to
the momentum-space wave function, ckðkÞ, are

ckðkÞ ¼ 1ffiffiffiffiffiffi
2p

p
ðR¼L

R¼0

expð�ikRÞcðRÞdR ð36Þ

and

cðRÞ ¼ 1ffiffiffiffiffiffi
2p

p
ðk¼kmax

k¼kmin

expðikRÞckðkÞdk ð37Þ

The coordinate grid is defined as [95]:

Ri ¼ R0 þ i dR; i ¼ 0; . . . ;N � 1 ð38Þ

where dR ¼ L=N and L is the length of the 1D grid. The grid representation of the

wave function is written as:

ci ¼ cðRiÞ
ffiffiffiffiffiffi
dR

p

¼ L

N

� 	1
2

cðRiÞ
ð39Þ
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The normalization condition can therefore be written as
P

i jcij2 ¼ 1. As we

have used an evenly spaced grid, the corresponding finite basis representation is

the set of linear momentum eigenfunctions expðikRÞ. Because the spatial grid

consists of N spatial grid points, the conjugate grid in momentum space is also

composed of N discrete points. The largest possible wavelength on the grid is

lmax ¼ L. As the momentum is related to the wavelength by k ¼ ð2 pÞ=l; the
increment on the discretized momentum grid is dk ¼ ð2 pÞ=lmax ¼ ð2 pÞ=L (see

Ref. [95]). The discrete grid in momentum space is therefore:

k‘ ¼ kmin þ ‘ dk

¼ � N p
L

þ ‘
2 p
L

; ‘ ¼ 0; . . .; N � 1
ð40Þ

The discretized momentum-space wave function corresponding to a

momentum of k‘ �h is denoted by ck
‘. As with the discretized spatial wave

function [Eq. (37)], the discretized momentum wave functions are also

normalized so that
P

‘ jck
‘ j2 ¼ 1 (i.e., ck

‘ ¼ ckðk‘Þ
ffiffiffiffiffi
dk

p Þ.
The wave function in momentum space is given by the Fourier transform of

the coordinate-space wave function

ckðk‘Þ ¼ 1ffiffiffiffiffiffi
2p

p
Xi¼N�1

i¼0

expð�ik‘RiÞci

ffiffiffiffiffiffi
dR

p

¼ ck
‘ffiffiffiffiffi
dk

p ¼ L

2p

� 	1
2

ck
‘

ð41Þ

The discretized momentum space wave function, ck
‘ , is therefore given by

ck
‘ ¼

1

L

� 	1
2 Xi¼N�1

i¼0

expð�ik‘RiÞci

ffiffiffiffiffiffi
dR

p

¼ 1

L

� 	1
2 L

N

� 	1
2 Xi¼N�1

i¼0

expð�ik‘RiÞci

¼ 1ffiffiffiffi
N

p
Xi¼N�1

i¼0

expð�ik‘RiÞci ð42Þ

The inverse Fourier transform is

ci ¼
1ffiffiffiffi
N

p
X‘¼N�1

‘¼0

expðik‘RiÞck
‘ ð43Þ
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We now express the Hamiltonian operator as a sum of kinetic and potential

energy operators, ĤðtÞ ¼ T̂ þ V̂ðtÞ, and rewrite the short-time propagator [see

Eq. (35) and also Ref. [92]] in the form:

ÛðdtÞ ¼ e�iĤðtÞdt=�h

¼ e�iT̂dt=2�he�iV̂ðtþdt=2Þdt=�he�iT̂dt=2�h
ð44Þ

This expansion of the propagator is not completely valid as the kinetic

energy, T̂ ¼ � �h2

2m
q2

qR2, and potential energy , V̂ðtÞ, operators do not commute. The

way in which we have split the operators up, with the potential energy term in

the middle, is referred to as the potential energy referenced split operator

method [132, 142]. The method has been shown to have an error, arising from

the noncommutation of the kinetic energy and potential energy operators,

depending on the third power of the time interval dt [127, 143].
The application of the kinetic energy part of the short-time propagator

proceeds as follows:

fi ¼ ½e�iT̂dt=2�hcðRÞ�R¼Ri

ffiffiffiffiffiffi
dR

p
ð45Þ

By substituting for cðrÞ using Eq. (37), we obtain

fi ¼ e�iT̂dt=2�h 1ffiffiffiffiffiffi
2p

p
ðk¼kmax

k¼kmin

dk expðikRÞckðkÞ
� �

R¼Ri

ffiffiffiffiffiffi
dR

p

¼ 1ffiffiffiffiffiffi
2p

p
ðk¼kmax

k¼kmin

dk e�iT̂dt=2�h expðikRÞckðkÞ
� �

R¼Ri

ffiffiffiffiffiffi
dR

p

¼ 1ffiffiffiffiffiffi
2p

p
ðk¼kmax

k¼kmin

dk e�ik2�hdt=4m expðikRÞckðkÞ
� �

R¼Ri

ffiffiffiffiffiffi
dR

p
ð46Þ

By using Eq. (36) to substitute for ckðkÞ we obtain

fi ¼
1ffiffiffiffiffiffi
2p

p
ðk¼kmax

k¼kmin

dk e�ik2�hdt=4m expðikRÞ 1ffiffiffiffiffiffi
2p

p
ðR0¼L

R0¼0

dR0 expð�ikR0ÞcðR0Þ
" #

R¼Ri

ffiffiffiffiffiffi
dR

p

¼ 1ffiffiffiffiffiffi
2p

p
ðk¼kmax

k¼kmin

dk e�ik2�hdt=4m expðikRiÞ 1ffiffiffiffiffiffi
2p

p
ðR0¼L

R0¼0

dR0 expð�ikR0ÞcðR0Þ
" # ffiffiffiffiffiffi

dR
p

ð47Þ
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Now replacing the continuous integral (or Fourier transform) in the square

brackets by discrete Fourier transforms as in Eqs. (41) we obtain

fi ¼
1ffiffiffiffiffiffi
2p

p
ðk¼kmax

k¼kmin

dk e�ik2�hdt=4m expðikRiÞ 1ffiffiffiffiffiffi
2p

p
Xj¼N�1

j¼0

expð�ikRjÞcj

ffiffiffiffiffiffi
dR

p" # ffiffiffiffiffiffi
dR

p

¼ 1

2p

ðk¼kmax

k¼kmin

dk e�ik2�hdt=4m expðikRiÞ
Xj¼N�1

j¼0

expð�ikRjÞcj

" #
dR ð48Þ

Now discretizing the integral over k we obtain

fi ¼
1

2p

X‘¼N�1

‘¼0

dk e�ik2
‘
�hdt=4m expðik‘RiÞ

Xj¼N�1

j¼0

expð�ik‘RjÞcj

" #
dR

¼ 1

2p
2p
L

L

N

X‘¼N�1

‘¼0

e�ik2
‘
�hdt=4m expðik‘RiÞ

Xj¼N�1

j¼0

expð�ik‘RjÞcj

" #

¼ 1ffiffiffiffi
N

p
X‘¼N�1

‘¼0

e�ik2
‘
�hdt=4m expðik‘RiÞ 1ffiffiffiffi

N
p

Xj¼N�1

j¼0

expð�ik‘RjÞcj

" #
ð49Þ

The parameter fi is now the value of the wave function, in the DVR grid

representation, at the ith grid point that results from acting with the operator

expð�iT̂dt=2�hÞ on the wave function c.
The step that has just been outlined in detail is the most difficult step in the

propagation of the wave function. The action with the operator

expð�iV̂ðR; tÞdt=2�hÞ is straightforward as this operator is a local operator in

the grid representation and we just multiply the grid representation of the

wave function at grid point ‘‘i’’ by the value of the operator at the same grid

point.

B. Expansion in a Basis

Perhaps the most straightforward method of solving the time-dependent

Schrödinger equation and of propagating the wave function forward in time is

to expand the wave function in the set of eigenfunctions of the unperturbed

Hamiltonian [41], Ĥ0, which is the Hamiltonian in the absence of the interaction

with the laser field.

Thus the complete Hamiltonian may be written in the form:

Ĥ ¼ Ĥ0 þ V̂ðEðtÞÞ ð50Þ
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If fc0
i g form the complete set of eigenfunctions of Ĥ0 with eigenvalues E0

i ,

that is,

Ĥ0c
0
i ¼ E0

i c
0
i ð51Þ

and if we start off with a wave function �0ðt ¼ 0Þ ¼Pi cic
0
i at t ¼ 0. The

solution of the unperturbed time-dependent Schrödinger equation

i�h
q
qt
�0ðtÞ ¼ Ĥ0�0ðtÞ ð52Þ

is �0ðt ¼ 0Þ ¼Pi ci expð�iE0
i t=�hÞc0

i .

One way in which we can solve the problem of propagating the wave function

forward in time in the presence of the laser field is to utilize the above knowledge.

In order to solve the time-dependent Schrödinger equation, we normally divide

the time period into small time intervals. Within each of these intervals we assume

that the electric field and the time-dependent interaction potential is constant. The

matrix elements of the interaction potential in the basis of the zeroth-order

eigenfunctions c0
i ; Vij ¼ hc0

i jVðEðtÞÞjc0
j i are then evaluated and we can use an

eigenvector routine to compute the eigenvectors, wl ¼
P

j bljc
0
j of the full

Hamiltonian, ĤðEðtÞÞ, in the zeroth-order basis.

X
j

ĤðEðtÞÞijbTjl ¼ ElðEðtÞÞbTil ð53Þ

where both ElðEðtÞÞ and bTil depend on the instantaneous value of the electric

field EðtÞ.
If the small time interval in question extends from t to t þ dt then the matrix

elements of the propagator for this short time interval may be written as a matrix

in the basis of the zeroth-order eigenfunctions:

UðE; dtÞij ¼ hc0
i j exp½�iĤðEðtÞÞdt=�h�jc0

j i
¼ hc0

i j
X
g

jwgihwgj exp½�iĤðEðtÞÞdt=�h�
X
l

jwlihwljjc0
j i

¼
X
g

X
l

hc0
i jwgihwgj exp½�iEldt=�h�jwlihwljc0

j i

¼
X
g

hc0
i jwgifexp½�iEgdt=�h�ghwgjc0

j i

¼
X
g

bgifexp½�iEgdt=�h�gbgj ð54Þ
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where we have used the fact that within the space of the set of eigenfunctions

fwig the identity operator can be written in the form Î ¼P ljwlihwlj.
The short time propagator, UðE; dtÞij depends on the electric field strength,

EðtÞ. This field strength oscillates very many times during a laser pulse. A

valuable technique that has been proposed to minimize the computational cost

of performing OCT calculations was proposed by Yip et al. [144]. This

technique involves calculating and storing the matrix representation of the

short-time propagator (as discussed above) for a range of field strengths. During

the calculation the same field strength occurs many times. Instead of repeatedly

calculating the propagator at each time step and for each field strength, the

propagator for the closest stored value is selected and used to propagate the

wave function forward in time by the constant time increment dt. This toolkit
concept has been utilized in optimal control calculations for the vibrational

excitation of H2 [41].

VI. ANALYTIC DESIGN OF OPTIMAL LASER PULSES

One of the difficulties with optimal control theory is in identifying the underlying

physical mechanism, or mechanisms, leading to control. Methods [2, 7, 9, 14,

26–29], that utilize a small number of interfering pathways reveal the mechanism

by construction. On the other hand, while there have been many successful

experimental and theoretical demonstrations of control based on OCT, there has

been little analytical work to reveal the mechanism behind the complicated

optimal pulses. In addition to reducing the complexity of the pulses, the many

methods for imposing explicit restrictions on the pulses, see Section II.B, can

also be used to dictate the mechanisms that will be operative. However, in this

section we discuss some of the analytic approaches that have been used to

understand the mechanisms of optimal control or to analytically design optimal

pulses. Note that we will not discuss numerical methods that have been used to

analyze control mechanisms [145–150].

A powerful tool in the analytic design and understanding of optimal pulses is

the well-known pulse area theorem [151]. The pulse area theorem states that,

within the rotating wave approximation (RWA) and for an on-resonance

frequency, the final transition probability from one initial state to a final state in

a two-level model is solely determined by the area of the pulse, A. For a dipole

transition A ¼ Ð T
0
mE0sðtÞdt, where m is the transition dipole between the two

states, T is the pulse duration, E0 is the field strength, and sðtÞ is the pulse

envelope. For a pulse with an area of p (a so-called p-pulse), 100% of the

population will be transferred. It has been demonstrated [152] that within the

RWA, the p-pulse is the globally optimized field for a two-level system. In a

recent paper [153], Cheng and Brown formulated the design of laser pulses

for performing quantum gate operations in terms of the analytic pulse area
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theorem rather than in the context of numerical OCT. In this work, it was shown

that the p-pulse could be used to readily determine the effects of both laser

parameters and molecular properties on the control process. Also, an analytic

result was obtained emphasizing the critical role the penalty parameter b [see

Eq. (2)], plays in determining the final population transfer (quantum gate

fidelity).

The general concept of the p-pulse has recently been exploited in the

analytical control of molecular excitation involving polarization effects [62]. In

this paper, an analytic laser pulse was designed based on an adiabatic two-state

approximation within the Floquet picture [154–156] to control population

transfer between two rovibrational states of H2. In this work, a general p-pulse
involving the polarizability was introduced, (see Eq. (7) of Ref. [62]): Recall

that for the homonuclear diatomic H2 there are no dipole transitions. By using

the general p-pulse, the proper time-dependent change in the laser frequency

to account for the dynamic Stark shifts could be determined analytically.

These analytic results were then confirmed via exact numerical simulations.

Floquet theory has been very extensively used as a tool for designing laser

pulses to perform molecular excitations and transformation processes

[152, 157–159].

The p-pulse has proved extremely useful in interpreting population transfer

between two levels. However, the combination of analytic and OCT techniques

has also proven useful in multilevel systems. One of the simplest multilevel

systems is the three-level � or ladder system where an intermediate state is

dipole coupled with both the initial and final states, but there is no direct

coupling between the initial and final states. Stimulated Raman adiabatic

passage (STIRAP) [160] has proven to be a simple and robust method for

transferring population directly from the initial to final state without ever

significantly populating the intermediate state. However, the connection

between OCT and STIRAP was difficult to obtain. The primary difficulty is

that adiabatic passage is an energetically expensive method involving pulse

areas many times p. Therefore, with penalty parameters, such as Eq. (2),

restricting the total energy, the location of STIRAP using OCT is not favored.

However, using a version of ‘‘local’’ optimization and a specially tailored

objective functional, Tannor and co-workers showed that STIRAP could be

obtained for three-level models [161, 162]. Using OCT, they were also able to

obtain the alternating-STIRAP (A-STIRAP) mechanism [163] for population

transfer in odd number of level systems where all pulses corresponding to even

transitions precede all odd transitions. More interesting, the entirely new

paradigm of straddling-STIRAP (S-STIRAP) for adiabatic population transfer

in both odd and even level systems was identified from the OCT calculations,

and then subsequently verified with an analytic formulation [162]. In

S-STIRAP, there are partially overlapping pulses for the Stokes and pump
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transitions, that is, the transitions between the second to last and final states

and between the initial and second states, respectively, straddled by pulses on-

resonance with all of the intermediate transitions.

From these few examples, it is clear that OCT can be used to guide, or even

identify, new methods for analytic pulse design. Clearly, this is important as one

would like to understand the general mechanisms for control in addition to

simply achieving the control objective. However, analytic pulse design can also

be utilized to provide starting guidelines for OCT determinations of control

fields. These can provide initial guess fields for numerical optimization but

analytic methods could also be used to simplify the numerical effort required in

the optimization.

VII. SUMMARY

This chapter has provided a brief overview of the application of optimal control

theory to the control of molecular processes. It has addressed only the theoretical

aspects and approaches to the topic and has not covered the many successful

experimental applications [33, 37, 164–183], arising especially from the closed-

loop approach of Rabitz [32]. The basic formulae have been presented and

carefully derived in Section II and Appendix A, respectively. The theory required

for application to photodissociation and unimolecular dissociation processes is

also discussed in Section II, while the new equations needed in this connection

are derived in Appendix B. An exciting related area of coherent control which

has not been treated in this review is that of the control of bimolecular chemical

reactions, in which both initial and final states are continuum scattering states

[7, 14, 27–29, 184–188].

Due to their intrinsic nature the OCT equations must be solved iteratively.

Their solution results in a laser pulse, specified by means of a time-dependent

electric field, designed to bring about a particular, desired molecular trans-

formation. The various methods that can be used for solving the OCT

equations and the methods available for imposing physically desirable restric-

tions on the theoretically designed laser pulse are presented in Section III. In

particular, the conjugate gradient method and iterative schemes are discussed

and important details of these methods are presented in Appendixes C–F.

These appendixes include a discussion of the different conjugate gradient

methods available, of the Krotov iterative method and a proof that the

generalized iterative method [see Eq. (21)] is guaranteed to converge

monotonically.

The ENBO method, which is a method for incorporating polarization and

higher order electric field–molecule interaction terms into the theory, is

discussed in Section IV. Nearly all OCT experiments actually use laser pulses

that give rise to strong electric fields that are sufficiently strong to significantly
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distort the molecular electronic structure and often lead to ionization. The

ENBO approximation must be used with care, as it is only valid for sufficiently

low field strengths such that ionization is not significant and for sufficiently

low frequencies such that the electronic wave function can adjust instanta-

neously to the changing electric field. As a rough guide, the region of validity of

the ENBO approximation may be taken to be for frequencies in the infrared

(IR) regions or below and for field strengths up to 2:06� 108 V cm�1

ð5:6� 1013 W cm�2 or 0.04 a.u.). This chapter does not discuss the very

good theoretical work aimed at understanding and modeling situations where

the laser intensity is greater than these limits and where ionization plays an

important role [106, 114, 189–192]. Some examples of the application of the

ENBO method to the controlled excitation of the molecular motion of H2 are

also described in this section.

An essential part of the theoretical solution of the OCT equations is the

solutions of the time-dependent Schrödinger equation. This must be carried out

very many times during the iterative solution of the OCT equations. Methods

available for the solution of these equations are discussed in Section V. The

necessity of solving the time-dependent Schrödinger equation arises in many

areas of chemistry and physics, in most cases, however, the Hamiltonian is

independent of time. This expands the choice of methods available for solving

the problem. Because of the presence of the fast oscillating electric field of the

laser light, the time-steps taken in the solution of the equation must be

sufficiently small to follow the oscillations of the electric field. This section

discusses the split-operator method and a basis set expansion method for solving

the time-dependent Schrödinger equation.

The penultimate section of the chapter, Section VI, briefly describes the

role of analytic solutions to the problem of designing laser pulses to control

molecular processes. The validity of the analytic solutions generally depend

on the applicability of various approximations. These may include, for

example, a two-level approximation in which only two quantum levels are

taken to play a significant role in the process under discussion. While the

underlying approximations of these analytic approaches are rarely totally

valid, the results of the theories hold valuable lessons for the more general

case where brute force OCT methods need to be applied. They can be

invaluable in understanding control mechanisms and in appreciating the role

of different variables, such as laser intensity and pulse duration, on achieving

desired control objectives.

In this chapter, we have presented many of the relevant working equations of

OCT including details of their derivations and methods for their solution. As

such, we hope that this chapter will serve as a guidepost to those interested in

entering this exciting research area and as a useful reference to those already

pursuing work in the field.
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APPENDIX A: VARIATION OF THE OBJECTIVE FUNCTIONAL

AND DERIVATION OF THE OPTIMAL CONTROL EQUATIONS

The objective functional is written as [see Eq. (1)]:

J ¼ jhcðTÞj�ij2 � b
ðT
0

dt EðtÞ4 � 2<
ðT
0

dt hwðtÞj q
qt

þ i

�h
ĤðEðtÞÞ

� �
jcðtÞi

� �

ðA:1Þ

where the meanings of the various quantities have been defined in the main body

of the text below Eq. (1).

Expanding out the first and the third terms in Eq. (A.1) we can rewrite

it as:

J ¼ hcðTÞj�ih�jcðTÞi � b
ðT
0

dt EðtÞ4

�
ðT
0

dt hwðtÞj q
qt
jcðtÞi þ i

�h
hwðtÞjĤðEðtÞÞjcðtÞi

� �

�
ðT
0

dt hwðtÞj q
qt
jcðtÞi� � i

�h
hwðtÞjĤðEðtÞÞjcðtÞi�

� �
ðA:2Þ

Now, consider independently small changes in EðtÞ, c and w. These variations
are now allowed to be independent because of the use of the Lagrange

multiplier, wðtÞ to impose the constraint equation.

First, consider a small change in c. We get

qJ
qcðtÞ dcðtÞ ¼ hdcðTÞj�ih�jcðTÞi þ hcðTÞj�ih�jdcðTÞi

�
ðT
0

dt hwðtÞ q
qt

����
����dcðtÞi þ i

�h
hwðtÞjĤðEðtÞÞjdcðtÞi

� �

�
ðT
0

dt hwðtÞ q
qt

����
����dcðtÞi� � i

�h
hwðtÞjĤðEðtÞÞjdcðtÞi�

� �
ðA:3Þ

Note that

hwðtÞ q
qt

����
����dcðtÞi ¼ q

qt
hwðtÞjdcðtÞi � q

qt
wðtÞjdcðtÞ

� �
ðA:4Þ
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By using Eq. (A-4) in Eq. (A-3) we obtain

qJ
qcðtÞ dcðtÞ ¼ hdcðTÞj�ih�jcðTÞi þ hcðTÞj�ih�jdcðTÞi

�
ðT
0

dt
q
qt

wðtÞjdcðtÞh i þ q
qt
hwðtÞjdcðtÞi�

� �

�
ðT
0

dt � q
qt
wðtÞjdcðtÞ

� �
þ i

�h
hwðtÞjĤðEðtÞÞjdcðtÞi

� �

�
ðT
0

dt � q
qt
wðtÞjdcðtÞ

� ��
� i

�h
hwðtÞjĤðEðtÞÞjdcðtÞi�

� �

¼ hdcðTÞj�ih�jcðTÞi þ hcðTÞj�ih�jdcðTÞi
� hwðTÞjdcðTÞi � hwð0Þjdcð0Þi þ hwðTÞjdcðTÞi� � hwð0Þjdcð0Þi�f g

�
ðT
0

dt � q
qt
wðtÞjdcðtÞ

� �
þ i

�h
hwðtÞjĤðEðtÞÞjdcðtÞi

� �

�
ðT
0

dt � q
qt
wðtÞjdcðtÞ

� ��
� i

�h
hwðtÞjĤðEðtÞÞjdcðtÞi�

� �
ðA:5Þ

We set dcð0Þ ¼ 0 as cðt ¼ 0Þ ¼ fi, this being the initial boundary condition

of the problem, so no variation is allowed for cðtÞ at t ¼ 0.

qJ
qcðtÞ dcðtÞ ¼ hdcðTÞj�ih�jcðTÞi þ hcðTÞj�ih�jdcðTÞi

� fhwðTÞjdcðTÞi þ hwðTÞjdcðTÞi�g

�
ðT
0

dt � q
qt
wðtÞjdcðtÞ

� �
� i

�h
ĤðEðtÞÞwðtÞjdcðtÞ

� �� �

�
ðT
0

dt � q
qt
wðtÞjdcðtÞ

� ��
�h i

�h
ĤðEðtÞÞwðtÞjdcðtÞi�

� �

¼ hdcðTÞj�ih�jcðTÞi þ hcðTÞj�ih�jdcðTÞi
� fhwðTÞjdcðTÞi þ hdcðTÞjwðTÞig

�
ðT
0

dt � q
qt

þ i

�h
ĤðEðtÞÞ

� �
wðtÞjdcðtÞ

� �� �

�
ðT
0

dt � q
qt

þ i

�h
ĤðEðtÞÞ

� �
wðtÞjdcðtÞ

� ��� �

¼ hdcðTÞ j�ih�jcðTÞi � jwðTÞif g þ hcðTÞj�ih�� hwðTÞf gjdcðTÞi

�
ðT
0

dt � q
qt

þ i

�h
ĤðEðtÞÞ

� �
wðtÞjdcðtÞ

� �� �

�
ðT
0

dt � q
qt

þ i

�h
ĤðEðtÞÞ

� �
wðtÞjdcðtÞ

� ��� �
ðA:6Þ

76 gabriel g. balint-kurti, shiyang zou and alex brown



Therefore we conclude that the variation of J with respect to an arbitrary change

in c is zero if:

q
qt

þ i

�h
ĤðEðtÞÞ

� �
wðtÞ ¼ 0 ðA:7Þ

that is, wðtÞ obeys the time-dependent Schrödinger equation. And if

fj�ih�jcðTÞi � jwðTÞig ¼ 0 ðA:8Þ
Or

wðTÞ ¼ � h�jcðTÞi ðA:9Þ

We can now undertake the simpler task of varying the other variables, wðtÞ and E.
Variation of wðtÞ gives

qJ
qwðtÞ dwðtÞ ¼ �

ðT
0

dt hdwðtÞj q
qt

þ i

�h
ĤðEðtÞÞ

� �
jcðtÞi

�
ðT
0

dt hdwðtÞj q
qt

þ i

�h
ĤðEðtÞÞ

� �
jcðtÞi�

¼ 0

ðA:10Þ

The variation of the variable wðtÞ therefore gives, as expected, the condition

that cðtÞ must obey the time-dependent Schrödinger equation with the boundary

condition cðt ¼ 0Þ ¼ fi that is:

q
qt

þ i

�h
ĤðEðtÞÞ

� �
cðtÞ ¼ 0 ðA:11Þ

with cðt ¼ 0Þ ¼ fi.

Variation of E yields

qJ
qEðtÞ dEðtÞ ¼ �4 b

ðT
0

dt EðtÞ3dEðtÞ

�
ðT
0

dt
i

�h
hwðtÞj qĤ

qEðtÞ dEðtÞjcðtÞi
� �

þ
ðT
0

dt
i

�h
hwðtÞj qĤ

qEðtÞ dEðtÞjcðtÞi
�

� �

¼
ðT
0

dt �4 bEðtÞ3 � i

�h
hwðtÞj qĤ

qEðtÞ jcðtÞi
� �

þ i

�h
hwðtÞj qĤ

qEðtÞ jcðtÞi
�

� �� �
dEðtÞ

¼
ðT
0

dt �4 bEðtÞ3 þ 2

�h
Im hwðtÞj qĤ

qEðtÞ jcðtÞi
� �� �

dEðtÞ

¼ 0 ðA:12Þ
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The variation of EðtÞ therefore leads to the condition:

4 bEðtÞ3 ¼ þ 2

�h
Im hwðtÞj qĤ

qEðtÞ jcðtÞi
� �

ðA:13Þ

Equations (A.7), (A.11), and (A.13), together with boundary conditions for

the first two of these equations, form the basic equations that must be satisfied in

order for the objective functional J to be a maximum.

Let us now examine what happens when we assume that the Hamiltonian for

the interaction of the system with the electric field of the laser takes on different

forms. The most common analytic form for the Hamiltonian is

Ĥ ¼ Ĥ0 � mEðtÞ ðA:14Þ

in this case;

qĤ
qEðtÞ ¼ �m ðA:15Þ

Substituting this into Eq. (A.13) we obtain

EðtÞ3 ¼ � ImfhwðtÞjmjcðtÞig
2 �h b

ðA:16Þ

If we had used the penalty term �b
Ð T
0
dt EðtÞ2 we would have obtained a similar

equation to Eq. (A.16), but without the factor of 2 in the denominator.

Let us suppose that the system of interest does not possess a dipole moment;

as in the case of a homonuclear diatomic molecule. In this case, the leading term

in the electric field-molecule interaction involves the polarizability, a, and the

Hamiltonian is of the form:

Ĥ ¼ Ĥ0 � a
2
EðtÞ2 ðA:17Þ

with a Hamiltonian of this form, the derivative of the Hamiltonian becomes:

qĤ
qEðtÞ ¼ �aEðtÞ ðA:18Þ

and Eq. (A-13) becomes:

EðtÞ2 ¼ � ImfhwðtÞjajcðtÞig
2 �h b

ðA:19Þ
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Use of the normal penalty term for the laser fluence in Eq. (A.1) [i.e.,

�b
Ð T
0
dt EðtÞ2] would lead to the equation:

1 ¼ � ImfhwðtÞjajcðtÞig
b �h

ðA:20Þ

The parameter EðtÞ has now canceled out on the two sides of Eq. (A.13) and the

equation is no longer an equation for EðtÞ. Our conclusion is that it is not

appropriate to use the standard form for the fluence penalty term if the laser

molecule interaction contains a significant contribution from the molecular

polarizabilty.

APPENDIX B: OPTIMAL CONTROL EQUATIONS
FOR PHOTODISSOCIATION

The objective functional for the optimal control of photodissociation may be

defined as:

J ¼
ðT
0

dthcðtÞj�F̂jcðtÞi � b
ðT
0

dtjEðtÞj2

� 2<
ðT
0

dthwðtÞj q
qt

þ i

�h
ĤjcðtÞi

� �
ðB:1Þ

where Ĥ is the total Hamiltonian of the molecule in the presence of external

control field EðtÞ; wðtÞ is an undetermined Lagrange multiplier, ensuring that cðtÞ
obeys the time-dependent Schrödinger equation; b is the penalty associated with

the pulse fluence; and � is a diagonal matrix whose elements �n specify the

weights of product channels jni in the optimization calculation. The flux, or

current density operator, F̂ is defined as [193].

F̂ ¼ i

�h
fĤ; Î hðRdÞg

¼ 1

2

p̂

m
dðR� RdÞ þ dðR� RdÞ p̂

m

� �
ðB:2Þ

where F̂, Ĥ, and Î are all matrices each of whose rows and columns are

associated with a particular product channel jni. h is the Heaviside function

hðxÞ ¼ 1; x > 0

0; x < 0

�
ðB:3Þ
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and Rd is the value of the scattering coordinate on the dividing surface that

separates the products from reactants.

As before, we now consider the variation of J with the small independent

changes in c, w, and E. These variations are allowed to be independent because

of the use of the undetermined Lagrange multiplier. Starting with the variation

in cðtÞ, we have

qJ
qc

dc ¼
ðT
0

dtfhdcðtÞj�F̂jcðtÞi þ hcðtÞj�F̂jdcðtÞig

�
ðT
0

dt hwðtÞj q
qt

þ i

�h
ĤjdcðtÞi þ c:c:

� �
ðB:4Þ

where c.c. indicates the complex conjugate. Noting that

hwðtÞj q
qt
jdcðtÞi ¼ q

qt
hwðtÞjdcðtÞi � hq

qt
wðtÞjdcðtÞi ðB:5Þ

we have

qJ
qc

dc ¼
ðT
0

dtfhdcðtÞj�F̂jcðtÞi þ hcðtÞj�F̂jdcðtÞig
� hwðTÞjdcðTÞi þ hwð0Þjdcð0Þi

þ
ðT
0

dt
q
qt
wðtÞjdcðtÞ

� �
�
ðT
0

dthwðtÞj i
�h
ĤjdcðtÞi

� hwðTÞjdcðTÞi� þ hwð0Þjdcð0Þi�

þ
ðT
0

dt
q
qt
wðtÞjdcðtÞ

� ��
�
ðT
0

dthwðtÞj i
�h
ĤjdcðtÞi�

¼ �hwðTÞjdcðTÞi � hwðTÞjdcðTÞi�

þ
ðT
0

dtfhdcðtÞj�F̂jcðtÞi þ hcðtÞj�F̂jdcðtÞig

þ
ðT
0

dt
q
qt
wðtÞjdcðtÞ

� �
�
ðT
0

dthwðtÞj i
�h
ĤjdcðtÞi

þ
ðT
0

dt
q
qt
wðtÞjdcðtÞ

� ��
�
ðT
0

dthwðtÞj i
�h
ĤjdcðtÞi� ðB:6Þ

In Eq. (B.6), we have set that dcð0Þ ¼ 0 and dropped the terms hwð0Þjdcð0Þi
and hwð0Þjdcð0Þi�. This is because cð0Þ ¼ fi being the initial condition of the

problem and no variation is allowed at t ¼ 0 in c. If the Hamiltonian Ĥ is a
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hermitian operator, the flux operator F̂ will also be hermitian. The above

equation can then be rewritten as

qJ
qc

dc ¼ �hwðTÞjdcðTÞi � hwðTÞjdcðTÞi�

þ
ðT
0

dtfhdcðtÞj�F̂cðtÞi þ h�F̂cðtÞjdcðtÞig

þ
ðT
0

dt
q
qt

þ i

�h
Ĥ

� �
wðtÞjdcðtÞ

� �

þ
ðT
0

dt
q
qt

þ i

�h
Ĥ

� �
wðtÞjdcðtÞ

� ��
ðB:7Þ

The maximal condition for J requires that dJ ¼ 0 for an arbitrary dc. This in
turn requires that the following equations be obeyed

i�h
q
qt
wðtÞ ¼ ĤwðtÞ � i�h�F̂cðtÞ ðB:8Þ

with the boundary condition

wðt ¼ TÞ ¼ 0: ðB:9Þ
Variation of w yields

qJ
qw

dw ¼ �2<
ðT
0

dthdwðtÞj q
qt

þ i

�h
ĤjcðtÞi

� �

¼ 0 ðB:10Þ
Therefore the variation gives, as expected, the condition that cðtÞ must obey the

time-dependent Schrödinger equation

i�h
q
qt
cðtÞ ¼ ĤcðtÞ ðB:11Þ

with the boundary condition

cðt ¼ 0Þ ¼ fi: ðB:12Þ

The variation of EðtÞ gives
qJ
qE

dE ¼ �2b
ðT
0

dt EðtÞ � dEðtÞ

� 2<
ðT
0

dt hwðtÞj i
�h

qĤ
qE

� dEðtÞjcðtÞi
� �

¼ 0 ðB:13Þ
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Then the optimal field EðtÞ is written as

EðtÞ ¼ 1

�hb
ImhwðtÞj qĤ

qEðtÞ jcðtÞi: ðB:14Þ

and the gradient of J with respect to E becomes:

qJ
qEðtÞ ¼ �2bEðtÞ þ 2

�h
ImhwðtÞj qĤ

qEðtÞ jcðtÞi: ðB:15Þ

We may express the total Hamiltonian Ĥ as

Ĥ ¼ Ĥ0 � l � EðtÞ ðB:16Þ

where Ĥ0 is the field-free Hamiltonian of molecule, l is the dipole moment

function that includes both the permanent and transition dipole moments. The

optimal field may be rewritten as

EðtÞ ¼ � 1

�hb
ImhwðtÞjmjcðtÞi ðB:17Þ

The new pulse design equations for the optimal control of photodissociation

may be summarized as

i�h
q
qt
cðtÞ ¼ ĤcðtÞ; cð0Þ ¼ fi ðB:18aÞ

i�h
q
qt
wðtÞ ¼ ĤwðtÞ � i�h�F̂cðtÞ; wðTÞ ¼ 0 ðB:18bÞ

EðtÞ ¼ � 1

�hb
ImhwðtÞjmjcðtÞi ðB:18cÞ

APPENDIX C: DERIVATIVE OF THE OBJECTIVE FUNCTIONAL

To carry out the optimization of the objective functional, J, we need to

calculate the derivative of the functional with respect to the field at a specified

time. From Eq. (A.12), this is clearly given by

qJ
qEðtÞ ¼

ðT
0

dt �4 bEðtÞ3 þ 2

�h
Im hwðtÞ qĤ

qEðtÞ
����

����cðtÞi
� �� �

ðC:1Þ
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If the time is divided into small finite increments of dt, and the field is

considered to possess a fixed value during each of these finite increments of

time, then we can vary the field strength during each of these increments

separately and obtain the equation:

qJ
qEðtÞ
� �

t¼ti

¼ �4 bEðtiÞ3 þ 2

�h
Im hwðtiÞj qĤ

qEðtÞ
� �

t¼ti

jcðtiÞi
( )( )

dt ðC:2Þ

APPENDIX D: VARIOUS CONJUGATE GRADIENT METHODS

Conjugate gradient (CG) methods comprise a class of unconstrained optimiza-

tion algorithms that are characterized by low memory requirements and strong

local and global convergence properties. A nonlinear conjugate gradient method

generates a sequence of fields Ek, k 	 1, starting from an initial guess E0, using
the formula

Ekþ1 ¼ Ek þ kkdk ðD:1Þ

where the positive step size lk is obtained by a line search, and the directions dk
are generated by the rule

dkþ1 ¼ gkþ1 þ �kdk; d0 ¼ g0 ðD:2Þ

Here �k is the CG update parameter. In the above equations, Ek ¼ fEkðtjÞg0�j�N is

the vector notation for the discretized electric field strength, gk ¼ fgkðtjÞg0�j�N

for the gradient of objective functional J with respect to the field strength

(evaluated at a field strength of EkÞ and dk ¼ fdkðtjÞg0�j�N for the search

direction at the kth iteration. The time has been discretized into N time steps,

such as that tj ¼ j� dt, where j ¼ 0; 1; 2; � � � ;N. Different CG methods

correspond to different choices for the scalar �k.
Let k � k denote the Euclidean norm and define yk ¼ gkþ1 � gk. Table I

provides a chronological list of some choices for the CG update parameter. If

the objective function is a strongly convex quadratic, then in theory, with an

exact line search, all seven choices for the update parameter in Table I are

equivalent. For a nonquadratic objective functional J (the ordinary situation in

optimal control calculations), each choice for the update parameter leads to a

different performance. A detailed discussion of the various CG methods is

beyond the scope of this chapter. The reader is referred to Ref. [194] for a

survey of CG methods. Here we only mention briefly that despite the strong

convergence theory that has been developed for the Fletcher–Reeves, [195],
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(FR) Conjugate Descent [196] (CD) and Dai–Yuan [197] (DY) methods, these

methods are all susceptible to jamming (i.e., they begin to take small steps

without making significant progress to the maximum). The Polak–Ribière–

Polyak [100] (PRP), Hestenes–Stiefel [198] (HS), and Liu–Storey [199] (LS)

methods possess a built-in restart feature that addresses the jamming problem:

When the factor yk ¼ ðgkþ1 � gkÞ in the numerator of �k [see Eq. (12)] is small

and �k consequently is also small; the new search direction dkþ1 becomes

essentially the gradient direction gkþ1. In general, the performance of these

methods are better than that of the FR, CD, and DY methods. On the other hand,

Powell [200] showed, using a three-dimensional example, that with an exact

line search, the PRP method could sometimes get into an infinite cycle without

converging to a stationary point. He suggested that the following modification

be made to the update parameter for the PRP method:

�PRPþk ¼ max ð�PRPk ; 0Þ ðD:3Þ

ensuring a positive value for the parameter.

Note that with an exact line search, �HSk ¼ �LSk ¼ �PRPk . Hence, the

convergence properties of the HS and LS methods should be similar with the

PRP method.

TABLE I

Various Choices for the CG Update Parameter

Update Parameter Year Origin

�HSk ¼ gTkþ1yk

dTk yk
1952 From the original (linear) CG paper of Hestenes

and Stiefel (Ref. [198])

�FRk ¼ k gkþ1 k2
k gk k2

1964 First nonlinear CG method, proposed by

Fletcher and Reeves (Ref. [195])

�PRPk ¼ gTkþ1yk
k gk k2

1969 Proposed by Polak and Ribière and by Polak

(Ref. [100])

�CDk ¼ k gkþ1 k2
�dTk gk

1987 Proposed by Fletcher (Ref. [196]), CD stands

for ‘‘Conjugate Descent’’

�LSk ¼ gTkþ1yk

�dTk gk
1991 Proposed by Liu and Storey (Ref. [199])

�DYk ¼ k gkþ1 k2
dTk yk

1999 Proposed by Dai and Yuan (Ref. [197])

�HZk ¼ yk � 2dk
k yk k2
dTk yk

 !
gkþ1

dTk yk
2005 Proposed by Hager and Zhang (Ref. [194])
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APPENDIX E: DETAILED DESCRIPTION

OF KROTOV ITERATIVE METHOD FOR SOLVING

THE OPTIMAL CONTROL EQUATIONS

Adopting the time discretization described in Section III.A (i.e., tj ¼ j� dt;
where j ¼ 0; 1; 2; . . . ;N and Ndt ¼ TÞ and the first-order split-operator method

for the wavepacket propagation, the algorithm for the Krotov iteration method

[81,93] may be written as:

Step 1: Guess an initial electric field �EðtÞ.
Step 2: Set k ¼ 0, Ek ¼ �EðtÞ and ckðt0Þ ¼ fi.

Step 3: Propagate ckðtÞ forward in time up to T according Eq. (18.a) with

the field EkðtÞ to obtain ckðtNÞ.
Step 4: Evaluate the objective functional Jk according to Eq. (1). Note that

the last term in the equation is zero, as ckðtÞ is a solution of the time-

dependent Schrödinger equation.

Step 5: If k 	 1, compute dJk ¼ Jk � Jk�1 and compare dJk with the

convergence threshold, e. If dðJkÞ � e, then stop the iteration and declare

that the optimal pulse has been obtained.

Step 6: Set wkðtNÞ ¼ h�jckðtNÞi�.
Step 7: Propagate wkðtÞ backward in time according to Eq. (18.c) with the

field EkðtÞ to obtain wkðt0Þ.
Step 8.1: Set j ¼ 0 and ckþ1ðt0Þ ¼ fi.

Step 8.2: Compute the ‘‘new’’ electric field Ekþ1ðtjÞ from wkðtjÞ and ckþ1ðtjÞ
according to Eq. (18.b)

Ekþ1ðtjÞ ¼ � 1

b�h
ImhwkðtjÞjmjckþ1ðtjÞi ðE:1Þ

Step 8.3: Calculate ckþ1ðtjþ1Þ with the ‘‘new’’ field Ekþ1ðtjÞ as

ckþ1ðtiþ1Þ ¼ e�iĤ0dt=�heþi½mEkþ1ðtiÞ�dt=�hckþ1ðtiÞ: ðE:2Þ

Step 8.4: To avoid prohibitively large use of computer memory in storing

wkðtjÞ0�j�N at every time step during the backward propagation in step 7,

wkðtÞ is propagated simultaneously as well with the ‘‘old’’ electric field

EkðtÞ. wkðtjþ1Þ is calculated as

wkðtjþ1Þ ¼ e�iĤ0dt=�heþi½mEkðtjÞ�dt=�hwkðtjÞ: ðE:3Þ

Step 8.5: If j 	 N, set k ¼ k þ 1 and go back to Step 4; else, set j ¼ jþ 1

and go back to Step 8.2.
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It can be seen from the algorithm model stated above that in the Krotov

method the electric field obtained in the kth iteration is used immediately to

propagate cðtÞ, which has a direct contribution to the new electric field in the

next time step. In one iteration, the Krotov method involves three wave packet

propagations, that is, the forward propagations of ckþ1ðtÞ and wkðtÞ in Steps 8.3

and 8.4 and the backward propagation of wkðtÞ in Step 7. If the second-order

split-operator method is employed for the wave packet propagation, a more

efficient discrete implementation of the Krotov method may be generated. The

second-order scheme for the Krotov method coincides with the first-order

scheme described above except for Eqs. (E.1–E.3) in Steps 8.2, 8.3, and 8.4.

The new equations for these steps now become:

Step 8.2: Calculate the ‘‘new’’ electric field Ekþ1ðt þ dt=2Þ

Ekðtj þ d=2Þ ¼ 1

b�h
ImhwkðtjÞjmþ idt

2�h
½Ĥ0; m�jckþ1ðtjÞi ðE:4Þ

Step 8.3: Propagate ckþ1ðtjÞ forward one step in time with the ‘‘new’’ field

Ekþ1ðtj þ dt=2Þ,

ckþ1ðtjþ1Þ ¼ e�iĤ0dt=2�heþi½mEkþ1ðtjþdt=2Þ�dt=�he�iĤ0dt=2�hckþ1ðtjÞ ðE:5Þ

Step 8.4: wkðtjþ1Þ is calculated as

wkðtjþ1Þ ¼ e�iĤ0dt=2�heþi½mEkðtjþdt=2Þ�dt=�he�iĤ0dt=2�hwkðtjÞ ðE:6Þ

Equation (E.4) may be obtained by considering the Taylor expansion of the laser

field up to first order

Eðt þ dtÞ ¼ EðtÞ þ qEðtÞ
qt

dt ðE:7Þ

and evaluating the time derivative qEðtÞ=qt according to Eq. (18.b).

Roughly, in order to reach the same accuracy, a time step in the second-order

scheme can be 10 times larger than that in the first-order scheme, while each

iteration step in the second-order scheme will cost about three times as much as

that in the first-order scheme [i.e., the cost of second-order propagator is about

twice as much as that of first-order propagator and the cost for computing the

‘‘new’’ field according to Eq. (E.4) is about the same as that of a single

propagation with the first-order propagator]. Thus we anticipate that the

efficiency of the second-order scheme will about three times higher than that of

the first-order scheme. Similarly, discrete iteration schemes may be established

for the methods suggested by Rabitz et al. [44, 92] and Maday and Turinici [94].
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APPENDIX F: CONVERGENCE OF THE ITERATIVE SOLUTION

OF THE OPTIMAL CONTROL THEORY EQUATIONS

In this appendix we follow the treatment of Maday and Turinici [94], and show

that the iterative scheme laid out in Eqs. (21.a–d) is guaranteed to converge. The

convergence of the algorithm can be proved by evaluating the difference between

the values of the objective functional between two successive iterations. Suppose

that d 6¼ 0 and Z 6¼ 0, then,

JðEkþ1Þ � JðEkÞ ¼ jhckþ1ðTÞj�ij2 � b
ðT
0

Ekþ1ðtÞ2dt � jhckðTÞj�ij2 þ b
ðT
0

EkðtÞ2dt

¼ jhðckþ1ðTÞ � ckðTÞÞj�ij2 þ 2Refhðckþ1ðTÞ � ckðTÞÞj�ih�jckðTÞig

� b
ðT
0

Ekþ1ðtÞ2 þ b
ðT
0

EkðtÞ2 ðF:1Þ

By using Eqs. (21.a–d) we can show that the second term in Eq. (F.1) above can

be rewritten in the form:

2Refhðckþ1ðTÞ � ckðTÞÞj�ih�jckðTÞig ¼ 2Refhðckþ1ðTÞ � ckðTÞÞjwkðTÞig

¼ 2Re

ðT
0

qðckþ1ðtÞ � ckðtÞÞ
qt

� ����wkðtÞ
�
þ ðckþ1ðtÞ � ckðtÞÞ qw

kðtÞ
qt

����
��� �

dt

� �

¼ 2Re

ðT
0

Ĥ0 � mEkþ1ðtÞ
i�h

ckþ1ðtÞ � Ĥ0 � mEkðtÞ
i�h

ckðtÞ
� 	� ����wkðtÞ�

��

þ ðckþ1ðtÞ � ckðtÞÞ Ĥ0 � m~EkðtÞ
i�h

wkðtÞ
����

� ��
dt

�

¼ 2Re

ðT
0

Ekþ1ðtÞ �m
i�h

ckþ1ðtÞ
D ���wkðtÞh E

�EkðtÞ �m
i�h

ckðtÞ
D ���wkðtÞE

�

þ~EkðtÞ ðckþ1ðtÞ � ckðtÞÞ �m
i�h

wkðtÞ
���D Ei

dt
o

¼ 2

�h

ðT
0

½Ekþ1ðtÞImfhckþ1ðtÞjmjwkðtÞig � EkðtÞImfhckðtÞjmjwkðtÞig

� ~EkðtÞImfhckþ1ðtÞjmjwkðtÞig þ ~EkðtÞImfhckðtÞjmjwkðtÞig� dt

¼ 2

�h

ðT
0

½�Ekþ1ðtÞImfhwkðtÞjmjckþ1ðtÞig þ EkðtÞImfhwkðtÞjmjckðtÞig

þ ~EkðtÞImfhwkðtÞjmjckþ1ðtÞig � ~EkðtÞImfhwkðtÞjmjckðtÞig� dt

¼ 2b
ðT
0

Ekþ1ðtÞ ðE
kþ1 � ð1� dÞ~EkÞ

d
� EkðtÞ ð~E

k � ð1� ZÞEkÞ
Z

��

�~EkðtÞ ðE
kþ1 � ð1� dÞ~EkÞ

d
þ ~EkðtÞ ð~E

k � ð1� ZÞEkÞ
Z

�
dt

�
ðF:2Þ
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By substituting this back into Eq. (F.1) we obtain

JðEkþ1Þ � JðEkÞ ¼jhckþ1ðTÞ � ckðTÞj�ij2 þ b
ðT
0

dt
2

d
� 1

� 	
ðEkþ1 � ~EkÞ2

þ 2

Z
� 1

� 	
ð~Ek � EkÞ2 ðF:3Þ

which is positive for any Z; d 2 ½0; 2�. Note that the case d ¼ 0 yields Ekþ1 ¼ ~Ek

and Z ¼ 0 yields ~Ek ¼ Ek. In both these cases, the conclusion that the right-hand

side of Eq. (F.3) is positive remains valid. Each step of this algorithm will

therefore result in an increase of the value of the objective functional for any

Z; d 2 ½0; 2�. Then we have that for any Z; d 2 ½0; 2� the algorithm given in Eqs.

(21.a–d) converges monotonically in the sense that JðEkþ1Þ > JðEkÞ.
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74. B. A. G. J. Tóth, G. Szabó, H. Rabitz, and A. Lorincz, J. Phys. Chem. 99, 5206 (1993).

75. Y. S. Kim and H. Rabitz, J. Chem. Phys. 117, 1024 (2002).

76. J. M. Geremia, W. Zhu, and H. Rabitz, J. Chem. Phys. 113, 10841 (2000).

77. D. Zeidler, S. Frey, K. L. Kompa, and M. Motzkus, Phys. Rev. A 64, 023420 (2001).

78. T. Mancal and V. May, Chem. Phys. Lett. 362, 407 (2002).

79. M. Shapiro and P. Brumer, J. Chem. Phys. 84, 4103 (1986).

80. A. Amstrup, R. Carlson, A. Matro, and S. Rice, J. Phys. Chem. 95, 8019 (1991).

81. J. Somoloi, V. Kazakov, and D. Tannor, Chem. Phys. 172, 85 (1993).

82. M. Kaluza, J. Muckerman, P. Gross, and H. Rabitz, J. Chem. Phys. 100, 4211 (1994).

83. P. Gross, D. Bairagi, M. Mishra, and H. Rabitz, Chem. Phys. Lett. 223, 263 (1994).

90 gabriel g. balint-kurti, shiyang zou and alex brown



84. I. Andrianov and G. Paramonov, Phys. Rev. A 59, 2134 (1999).

85. K. Nakagami, Y. Ohtsuki, and Y. Fujimura, J. Chem. Phys. 117, 6429 (2002).

86. B. Hosseini, H. Sadeghpour, and N. Balakrishnan, Phys. Rev. A 71, 023402 (2005).

87. M. Abe, Y. Ohtsuki, Y. Fujimura, Z. Lan, and W. Domcke, J. Chem. Phys. 124, 224316 (2006).
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I. INTRODUCTION

‘‘Nonadiabatic transition’’ presents a vey general concept of state and phase

changes in nature as well as in society, being an origin of mutability of this world

[1]. Without exception nonadiabatic dynamics play crucial roles in physics,

chemistry and biology, even if this fact may not be explicitly well recognized in

some occasions [1–13]. A nonadiabatic transition makes a very basic mechanism

not only to comprehend various chemical dynamic processes occurring in

Nature, but also to manifest new molecular functions in nanospace and to control

dynamic processes by applying an external field. Theory of nonadiabatic

transition can play important roles to accomplish these purposes. A complete set

of analytical formulas for the curve crossing problem derived by Zhu and

Nakamura [Zhu–Nakamura (ZN) theory] [1, 2, 9, 10–14] is actually useful for

these studies.

For example, the ZN theory, which overcomes all the defects of the Landau–

Zener–Stueckelberg theory, can be incorporated into various simulation

methods in order to clarify the mechanisms of dynamics in realistic molecular

systems. Since the nonadiabatic coupling is a vector and thus we can always

determine the relevant one-dimensional (1D) direction of the transition

in multidimensional space, the 1 D ZN theory can be usefully utilized.

Furthermore, the comprehension of reaction mechanisms can be deepened,

since the formulas are given in simple analytical expressions. Since it is not

feasible to treat realistic large systems fully quantum mechanically, it would be

appropriate to incorporate the ZN theory into some kind of semiclassical

methods. The promising semiclassical methods are (1) the initial value
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representation method [15] and (2) the frozen Gaussian propagation method

[16–18]. These methods have been developed for the adiabatic processes,

namely, for the dynamics on a single adiabatic potential energy surface.

Incorporation of the ZN theoy into them can extend their applicability to

electronically nonadiabatic dynamics beyond the perturbative treatment [17,19].

A much simpler simulation method is the trajectory surface hopping (TSH)

[20,21]. This is a classical trajectory method with electronic transitions between

the two potential energy surfaces treated by the Landau–Zener (LZ) formula or

by solving the time-dependent coupled equations. After these original works

many modifications and improvements have been introduced [22,23] and the

widely spread applications have been made because of the simplicity [24–26].

However, some crucial problems have been left unsolved, such as how to deal

with the classically forbidden nonadiabatic transitions and how to define

classical trajectories uniquely. These defects can be removed by using the ZN

theory in the adiabatic state representation.

The ZN formulas can also be utilized to formulate a theory for the direct

evaluation of thermal rate constant of electronically nonadiabatic chemical

reactions based on the idea of transition state theory [27]. This formulation can

be further utilized to formulate a theory of electron transfer and an improvement

of the celebrated Marcus formula can be done [28].

Needless to say, multidimensional tunneling is another important quantum

mechanical effect that should also be incorporated into the simulations, such as

those mentioned above. In order to do that, the so-called caustics, which are

nothing but turning points in the case of ordinary 1D system and from which

tunneling trajectories emanate, should be properly detected along classical

trajectories. An efficient method to do this has recently been devised by Oloyede

et.al [29]. This method can be carried out by solving the first-order Riccati-type

nonlinear time-dependent differential equations along trajectories and the

method can be incorporated into the above mentioned simulations. Furthermore,

quantum mechanical tunneling naturally plays crucial roles in energy splitting

in a symmetric double-well potential and also in predissociation of a metastable

state. Without doubt, these processes play important roles in molecular

spectroscopy. Recently, we have developed the powerful semiclassical theories

applicable to energy splitting and predissociation of realistic polyatomic

molecules [30–32].

Once the mechanisms of dynamic processes are understood, it becomes

possible to think about controlling them so that we can make desirable processes

to occur more efficiently. Especially when we use a laser field, nonadiabatic

transitions are induced among the so-called dressed states and we can control the

transitions among them by appropriately designing the laser parameters [33–41].

The dressed states mean molecular potential energy curves shifted up or down by

the amount of photon energy. Even the ordinary type of photoexcitation can be
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enhanced very much by appropriately designing the quadratically chirped pulses

[36,37,42,43]. Nonadiabatic transitions at naturally existing conical intersections

can also be controlled by preparing a wave packet with an appropriate magnitude

and direction of momentum. This can be realized again by laser [38,41]. For the

creation of new molecular functions, on the other hand, we can think of various

methods. For example, the intriguing phenomenon of complete reflection found in

the nonadiabatic tunneling (NT) type of transition in which the two diadiabatic

potential curves cross with opposite signs of slopes may be actively utilized [44–

47]. The laser control methods mentioned above can also be employed to enhance

molecular functions, such as photochromism [48,49]. Namely, we can think of

controlling nanoscale molecular machines by manipulating nonadiabatic transi-

tions. In these studies of control of chemical dynamics and manifestation of

molecular functions, the ZN formulas again play significant roles. The appropriate

laser parameters can be designed by using them.

This chapter describes a summary of the recent activities done in the author’s

research group concerning the subjects mentioned above and is organized as

follows. Incorporation of the ZN formulas into the TSH method and the

semiclassical frozen Gaussian wavepacket propagation method will be described

in Section II. The theory of nonadiabatic thermal rate constant is also presented in

this section. Some numerical examples will be provided. Semiclasscal tunneling

theory is explained in Section III with practical applications to realistic

polyatomic molecules. The application of the thermal rate constant theory to

electron transfer will be discussed in Section IV. The famous Marcus theoy can be

improved so as to be applicable to the intermediate to strong electronic coupling

regimes, which cannot be done by the presently available theories. Section V is

devoted to controlling chemical dynamics by lasers. The quadratic chirping of

laser frequency we have proposed is shown to be very effective to enhance

electronic transitions and pump–dump processes. The newly formulated

semiclassical ‘‘guided’’ optimal control theory is also presented. Manifestation

and control of molecular functions are discussed in Section VI. Photochromism

and hydrogen transmission through a five-membered carbon ring are taken as

examples. Section VII concludes the paper. The whole set of Zhu–Nakamura

formulas is presented in appendix.

II. NONADIABATIC CHEMICAL REACTION DYNAMICS

A. Generalized Trajectory Surface Hopping Method

It is getting more and more important to treat realistic large chemical and even

biological systems theoretically by taking into account the quantum mechanical

effects, such as nonadiabatic transition, tunneling, and intereference. The

simplest method to treat nonadiabatic dynamics is the TSH method introduced
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by Bjerre and Nikitin [20] and by Tully and Preston [21], in which classical

trajectories hop at the potential energy surface crossing according to the

nonadiabatic transition probability evaluated by the LZ formula or the solution of

time-dependent coupled equations. A random number is generated whenever

the trajectory reaches the potential enery surface crossing region and the

nonadiabatic surface hopping is made, if the calculated probability is larger than

the random number. This procedure is called the anteater procedure. Because of

its simplicity, the method is applicable to large systems and actually has enjoyed

wide-spread applications [24–26]. Various modifications from the original

version have been made especially by Tully and by Truhlar and co-workers

[22,23]. There still remain, however, some crucial problems related to (1)

definition of classical trajectory, (2) localizability of the transition, (3) energy

and angular momentum conservation, and (4) treatment of classically forbidden

transition in which the energy is lower than the energy at surface crossing point.

In the adiabatic state representation, a classical trajectory runs on a single

adiabatic potential energy surface until it reaches the surface crossing region and

the nonadiabatic transition can be assumed to occur locally there. It is not

conveneint, however, to solve the time-dependent coupled equations in the

adiabatic representation to estimate the transition probability. The time-

dependent coupled equations convenient to solve are given in the diabatic state

representation. In this representation, however, the localizability of the transition

cannot hold well and the unique definition of classical trajectory becoms

questionable. If one uses the LZ formula in the adiabatic state representation,

these problems are not very serious; but the LZ formula does not work well when

the energy is close to the surface crossing energy. The most serious problem

is that the classically forbidden transitions cannot be treated by any one of these

methods. It is well known that the LZ formula cannot treat those transitions; but

even the solutions of the time-dependent coupled equations and the widely used

fewest switches method of Tully [22] cannot properly take into accout those

classically forbidden transitions.

The ZN formulas in the adiabatic state representation enable us to solve all

the problems mentioned above. Since the localizability holds well, classical

trajectories can run on a single adaiabatic potential energy surface and thus the

effects of relaxation can be taken into account easily. A whole chemical process

can be divided into the following two processes: propagation on a single

adiabatic potential energy surface and a localized nonadiabatic transition at the

minimum energy separation position. The transition can be classified as

hopping, reflection, and passing (see Fig. 1).

First, we have applied the ZN formulas to the DHþ
2 system to confirm that the

method works well in comparison with the exact quantum mechanical

numerical solutions [50]. Importance of the classically forbidden transitions

has been clearly demonstrated. The LZ formula gives a bit too small results
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even at high energies. It was found that in multidimensional systems classically

forbidden transitions play relatively more important roles than in the case of 1D

because of energy transfer among many degrees of freedom. Some of the results

are shown in Figs. 2 and 3. The quantum mechanical exact results show violent

oscillations that are resonances due to the potential well of the ground state. In

the TSH calculations, all the long-lived trajectories are killed, since we are not

interested in resonances here. This reaction system is, however, relatively

simple, since the surface crossing seam is located a bit away from the reaction

zone, only the LZ type of crossing in which the two diabatic potential curves

have the same sign of slopes appears, and the geometry of the seam surface can

be well analyzed in advance. Since these conditions are not generally satisfied, it

is definitely required to develop a general TSH method that incorporates the ZN

formulas and is directly applicable to large systems. Recently, we have

developed such a method [51].

The method is composed of the following algorithms: (1) transition position

is detected along each classical trajectory, (2) direction of transition is

determined there and the 1D cut of the potential energy surfaces is made along

that direction, (3) judgment is made whether the transition is LZ type or

nonadiabatic tunneling type, and (4) the transition probability is calculated by

the appropriate ZN formula. The transition position can be simply found by
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Figure 1. Two basic elements of dynamics:(1) propagation on a single adiabatic potential and

(2) nonadiabatic transition. In the classically allowed case, the transition occurs at XNA. In the

classically forbidden case, on the other hand, the transition region spans the interval ðxi; xf Þ, where xi
and xf are the turning points. Taken from Ref. [9].
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detecting the minimum energy separation between the two adiabatic potential

energies. The determination of transition direction has the following options: (1)

direction perpendicular to the crossing seam surface, if the potential energy

surface topography is well known and the seam surface can be well defined in

advance; (2) direction of the nonadiabatic coupling vector, if it is available; (3)

direction estimated from the Hessian, the second derivatives of adiabatic

Figure 2. Total cumulative charge-transfer probabilities for H2 þ Dþ ! Hþ
2 þ D. Dashed line:

exact quantum mechanical numerical solution. Solid line: TSH results with use of the Zhu-

Nakamura formulas. Dash–dot line: TSH results with use of the LZ formula. Taken from Ref. [50].

Figure 3. Initial vibrational state specified cummulative reaction probabilities for v ¼ 2.

Dashed line: exact quantum mechanical numerical solution. Solid line: TSH results with use of the

Zhu–Nakamura formulas. Dash–dot line: TSH results with use of the Landau–Zener formula. Taken

from Ref. [50].
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potentials. If the seam surface is known well, method (1) is the best, since the

nonadiabatic transition in the direction parallel to the seam surface is the so

called noncrossing Rosen–Zener type and can usually be neglected. In general,

however, the geometry of the seam surface cannot be known in advance. The

second best in that case is the direction of the nonadiabatic coupling vector.

However, the vector is not necessarily available in general, unfortunately,

because it is not easy to compute.

In such a case the last choice is to take the direction of the eigenvector of the

only one nonzero eigenvalue of the rank one Hessian matrix of the difference

between the two adiabatic potential energies [51]. In the vicinity of conical

intersection, the topology of the potential energy surface can be described by

the diadiabatic Hamiltonian in the form

AiXi BiXi

BiXi �AiXi

����
���� ð1Þ

where the summation with respect to i is implied.

Here, Ai and Bi are some constants, and Xi ¼ Ri � R0
i , where R0

i represents

the point of intersection. From this equation the direction of the nonadiabatic

coupling vector is readily found as:

ei �
X3

k¼1

ðAiBk � BiAkÞXk ð2Þ

On the other hand, one can use Eq. (1) to calculate the Hessiam matrix of the

difference between the two adiabatic potential energy surfaces, �VðRÞ. Up to an

irrelevant scalar factor, the result reads

q2�V

qXiqXj

� eiej ð3Þ

This equation determines a rank-1 matrix, and the eigenvector of its only one

nonzero eigenvalue gives the direction dictated by the nonadiabatic coupling

vector. In the general case, the Hamiltonian differs from Eq.(1), and the Hessian

matrix has the form

q2�V

qXiqXj

� eiejð1 þ EijÞ ð4Þ
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The closer the trajectory approaches the conical intersection, the smaller Eij
becomes. Since the nonadiabatic transitions are expected to take place in the

close vicinity of the conical intersection, the nonadiabatic transition direction

can be approximated by the eigenvector of the Hessian q2�V=qRiqRj

corresponding to its maximum eigenvalue. Similar arguments hold for

nonadiabatic transitions near the crossing seam surface, in which case the

nondiagonal elements of the diabatic Hamiltonian of Eq. (1) should be taken as

nonzero constant.

When the transitions are classically allowed, then the hops occur vertically.

However, in the case of classically forbidden transitions, the transitions are not

vertical anymore and the nonadiabatic electronic transition and the nuclear

tunneling are coupled, namely, they cannot be treated separately. The ZN

formulas properly describe these nonvertical transitions and provide the overall

transition probability with both electronic transition and nuclear tunneling

included. The position right after the transition is not the same anymore as the

position before the transition. The total angular momentum conservation

apparently violated by the nonvertical transition can be recovered by

appropriately rotating the system. The detailed recipe is not described here,

but can be found in Ref. [51]. The energy conservation is not a problem at all,

since the classically forbidden transitions are treated properly and the total

energy after the transition is conserved. As is shown in Fig. 4, the transition can

be hopping onto the upper adiabatic potential energy surface or passing on the

lower adiabatic potential energy surface when the transition is classically

allowed. If it is classically forbidden, then reflection on the lower surface or

hopping reflection onto the upper surface occurs in the LZ case and reflection

or passing on the lower surface occurs in the NT case.

This generalized TSH (ZN–TSH) has been applied to a model triatomic

system mimicing CH2, which has a conical intersection in the reaction zone and

both LZ and nonadiabatic tunneling types of transitions appear [51]. The

ground and excited potential energy surfaces are constructed by using the

Diatomics In Molecule (DIM) method (see Fig. 5). The numerical results

in comparison with the exact quantum mechanical numerical solutions are

shown in Fig. 6. The oscillations in the exact quantum mechanical results

are again resonances due to the attractive well in the ground state. Apart from

these oscillations the ZN–TSH works acceptably well. In these figures, the two

ZN–TSH results are compared with respect to the choice of the transition

direction:(1) the direct use of nonadiabatic coupling vector and (2) the Hesssian

approximation. It is clearly seen that the Hessian approximation works well.

These successful demonstrations confirm that the present method can be

applied to any large systems of general potential energy surface topology. By

using the present method, the very popular classical mechanical molecular

dynamics (MD) simulation method could be improved easily and extended so
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as to take into account the nonadiabatic transitions properly. Finally, it would

be worthwhile to mention that another important quantum mechanical effect,

namely, quantum mechanical tunneling, can also be taken into account in the

present methodology. In order to do that, it is crucial to detect caustics (turning

points in 1D case) along trajectories. This can be easily done and will be

explained later in Section III.

The advantages of this generalized TSH method can be summarized as

follows: (1) both types of transitions in the potential curve crossing problems,

Figure 4. Interpretation of the transition modes: reflection, passing, and hopping along the

adiabatic potential. Taken from Ref. [19].
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Figure 5. Adiabatic potential energy surfaces of the DIM model potential showing conical

intersection at the C2V symmetry. Taken from Ref. [51].

Figure 6. Initial rovibrational state specified reaction probabilities. Solid line:exact quantum

mechanical numerical solution. Solid line with solid square: generalized TSH with use of the

nonadiabatic coupling vector. Solid line with open circle: generalized TSH with use of Hessian.

Sur ¼ 1(2) means the ground (excited) potential energy surface. Taken from Ref. [51].
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that is, LZ and NT types, can be treated by the full use of the ZN theory; (2) the

Cartesian coordinate systems can be used; (3) a simple algorithm to conserve

the total angular momentum for any large system is available, if necessary; (4)

the transition direction can be estimated accurately from the Hessian matrix

of the adiabatic potential energy difference; and (5) quantum mechanical

tunneling effects can be incorporated on-the-fly. In order to save the cpu time, it

is better to have some knowledge in advance about the potential energy surface

topology such as in what configurations nonadiabatic transitions and tunneling

are important. However, if necessary, all the dynamics calculations can be done

on-the-fly together with the quantum chemical computations of potential

energies.

B. Semiclassical Herman–Kluk-Type Frozen Gaussian Wavepacket

Propagation Method

If it is necessary to take into account the third quantum mechanical effect,

that is, interference, we have to rely on the semiclassical wavepacket

propagation method, such as the Initial Value Representation (IVR) method

and the Herman–Kluk-type frozen Gaussian wavepacket propagation method

[15–18]. The ZN formulas can also be incorporated into these methods to

treat nonadiabatic dynamics. As mentioned before, in the adiabatic state

representation a whole chemical process can be divided into the following

two steps (see Fig. 1): (1) motion on a single adiabatic potential energy

surface up to the region of nonadiabatic transition, and (2) electronically

nonadiabatic transition at the potential surface crossing. The appropriate

phases corresponding to these steps should be taken into account: the

classical action along classical trajectory and the so-called dynamical phases

induced by nonadiabatic transition. There are two types of semiclassical path

integral methods for the propagation on a single adiabatic potential energy

surface. One is the IVR theory with direct use of classical trajectories

devised by Miller and others [15]. In this case, the nonadiabatic transition

amplitude of the ZN theory can be directly incorporated into the framework,

since classical trajectories are directly treated. The other is the frozen

Gaussian wavepacket propagation method [16–18]. The Herman–Kluk

propagator combined with the cellularization procedure works well, giving

good agreement with full quantum calculations [17,18]. We have formulated

the semiclassical approach by making use of the advantages of the Herman–

Kluk theory for single surface propagation [17] and the ZN theory for

nonadiabatic transition. The nonadiabatic transition amplitude of the ZN

theory properly provides the dynamical phases induced by the nonadiabatic

transition and can be incorporated into each frozen Gaussian wavepacket.

The outline of the formulation is described below so that the reader can grasp

the essential ideas of the method. The details of the formulation can be found in
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the original papers [19,38]. The total wave function at time t in the Herman–

Kluk approach is expressed as:

cðr; tÞ ¼
ð

traj

dq0dp0

ð2pÞN gðr; qt; ptÞCq0;p0;t exp½iSq0;p0;t�

�
ð
dr0g

�ðr0; q0; p0Þcðr0; t ¼ 0Þ ð5Þ

where cðr0; t ¼ 0Þ and cðr; tÞ are the wave functions at time zero and t,

respectively, N is the dimensionality of configuration space, Sq0;p0;t is the

classical action along the trajectory from ðq0; p0; t ¼ 0Þ to ðqt; pt; tÞ, and Cq0;p0;t

Figure 7. Two-dimensional (2D) H2O system in the laser field. (a)excited and (b) ground

adiabatic potentials. Filled circles nonadiabatic tunneling-type region. Open circles: LZ-type region.

Taken from Ref. [19].
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is the Herman–Kluk preexponential factor along the trajectory [17]. The frozen

Gaussian wave packets are defined as:

gðr; q; pÞ ¼ 2g
p

� �N
4

exp½�gðr � qÞ2 þ ip � ðr � qÞ� ð6Þ

where g is a constant parameter common for all wave packets. The

preexponential factor Cq;p;t is given by

Cq;p;t ¼ 	 qpt

qp0

þ qqt

qq0

� 2ig
qqt

qp0

þ i

2g
qpt

qq0

����
����
1=2

ð7Þ

where the sign is chosen to keep C differentiable at any time.

The above expression for cðr; tÞ is explained as follows: the initial wave

function is expanded in terms of the frozen Gaussian wave packets and each

packet is propagated by classical mechanics with its shape kept fixed. The final

wave function is expressed as a sum of thus propagated frozen wave packets

multiplied by the factor Cq0;p0;t exp½iSq0;p0;t�. The initial parameters ðq0; p0Þ of

trajectories are selected by the well-established Monte Carlo procedure. This

propagation is made on a single adiabatic potential energy surface and is carried

out up to the region of potential energy surface crossing. It is assumed that the

nonadiabatic transition occurs locally and instantaneously at the position qI

where the adiabatic potential energy difference becomes minimum along the

trajectory. Once this transition position is found, the nonadiabatic transition is

taken into account as follows. The local separability in the vicinity of qI

is assumed and the 1D direction of transition is determined. This can be done, as

explained in Section II.A from the three options. By using one of these methods,

we can reduce the problem to the 1D method and apply ZN theory.

First, the frozen Gaussian wavepackets just before the transition on the

initial adiabatic surface i are expanded as:

gIðr; qI ; pI ; tÞ ¼
ð
dEaiðEÞfiðE; rÞ ð8Þ

where ffiðE; rÞg are the energy normalized eigenfunctions in the electronic state

i at q � qI. Right after the transition the coefficient aiðEÞ changes to

afmðEÞ ¼ Tm
fi a

iðEÞ ð9Þ

where f and m specify the final electronic state and the mode on that state,

respectively. The mode specifies one of the following three:reflection, passing, or

hopping (see Fig. 4). Namely, the coefficient Tm
fi represents the transition
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amplitude for the reflection or passing on the same adiabatic potential energy

surface as the initial one f ¼ i, or hopping or hopping reflection to the other

potential energy surface f 6¼ i after the transition, and is directly given by the ZN

formulas including the dynamical phases.

The final wave function jf ðrÞ right after the transition is thus given by

jf ðrÞ ¼
X
m

ð
dEafmðEÞff ðE; rÞ ð10Þ

where fff ðE; rÞg are the energy eigenfunctions in the final electronic state f . The

function jf ðrÞ is expanded in terms of the frozen Gaussian wave packets

gf ðr; qF ; pFÞ of the same shape as before and the latter Gaussians are propagated

on the new surface f. Then the final wave function at time t after the transition is

expressed as

cf ðr; tÞ ¼
ð

traj

dq0p0

ð2pÞN
ð

traj

dqFdpF

ð2pÞN gFðr; qt; ptÞCqF ;pF ;t

� exp½iSqF ;pF ;t�FfiðqF; pF ; qI ; pIÞCq0;p0;tNA exp½iSq0;p0;tNA �
�
ð
dr0g

�
I ðr0; q0; p0Þciðr0; t ¼ 0Þ ð11Þ

where tNA represents the time of nonadiabatic transition. The expansion

coefficients Ffi are given by

FfiðqF ; pF ; qI ; pIÞ ¼
ð
drg�Fðr; qF; pFÞjf ðr; qF ; pF : qI; pIÞ ð12Þ

where qF and pF are the position and momentum right after the transition. The

position qF is not necessarily the same as qI , since in the case of classically

forbidden transition when the energy E is lower than the crossing point the

positions qI and qF are turning points on the respective potential energy curve

and are different from each other (see Fig. 4). The parameter R
ð1;2Þ
T and R

ðl;rÞ
T are

used in this figure to denote these turning points. The new trajectories starting

from ðqF ; pF; t ¼ tNAÞ reach ðqt; pt; tÞ. In the actual computations, the integrals

with respect to qF and pF are replaced by the sum of main components of the

wave packets right after the transition [19,38]. The analysis of the function

jFfiðqF; pF; qI ;pIÞj indicates that the main components can be found from the

general principle of nonadiabatic transition in the 1D system.

Numerical examples are shown in Figs. 7–9. The model system used is a

2D model of H2O in a continuous wave (CW) laser field of wavelength 515nm

and intensity 1013W=cm�2. The ground electronic state ~X and the first excited

state ~A are considered. The bending and rotational motions are neglected for
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simplicity with the bending angle fixed at the equilibrium structure of the

ground electronic state, y ¼ 104:52
. The potentials and dipole moments used

are the same as those in Ref.[42]. The kinetic energy operator,

Tðr1; r2Þ ¼ � 1

2mH

q2

qr2
1

� 1

2mH

q2

qr2
2

� cos y
mO

q2

qr1qr2

ð13Þ

Figure 8. Final wave packets on the ground electronic stste. (a) exact quantum and (b)

semiclassical results. Propagation duration is 20 fs. Taken from Ref. [19].
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is diagonalized by using the transformation

ðr1; r2Þ ¼ Dð~r1;~r2Þ ¼
� 1

2mH

;� cos y
2mo

� cos y
2mO

;� 1

2mH

0
BB@

1
CCAð~r1;~r2Þ ð14Þ

as

D�1TD ¼ � 1

2mH

q2

qr2
1

þ q2

qr2
2

� �
ð15Þ

Figure 9. Final wave packets on the excited state. (a) exact quantum and (b) semiclassical

results. Propagation time is 20 fs. Taken from Ref. [19].
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where ~r1;2 stand for the two H��O bond lengths. Dressed adiabatic potential

energy surfaces are shown in Fig. 7. The nonadiabatic transition regions are

marked as filled circles for the NT type and open circles for the LZ type. The

initial wave packet is set to be a symmetric Gaussian of the full width at half-

maximum ðFWHMÞ ¼ 0:5 a:u: centered at r1 ¼ 5 a:u: and r2 ¼ 2 a:u: on the

upper (dressed) adiabatic potential energy surface. Figures 8 and 9 present a

comaprison of our semiclassical results with the exact quantum mechanical ones.

The final population on the excited electronic state is 34% in the exact quantum

mechanical calculations and 40% in the semiclassical approximation. The

number of trajectories used for propagation is 7000.

The similar method as that mentioned above can be applied to laser control

of chemical dynamics. This will be discussed in Section V.

C. Semiclassical Theory of Thermal Rate Constant

As discussed by Miller and co-workers [52,53], it is worthwhile to develop

theories that enable us to evaluate thermal reaction rate constants directly and not

to rely on the calculations of the most detailed scattering matrix or the state-

to-state reaction probability. Here, our formulation of the nonadiabatic transition

state theory is briefly described for the simplest case in which the transition state

is created by potential surface crossing [27].

We start from the quantum mechanically exact flux–flux correlation function

expression [53]

kZq
r ¼ lim

t!1Trðexp½�bH�F exp½iHt=�h�h exp½�iHt=�h�Þ ð16Þ

where Zq
r is the quantum mechanical partition function of reactants, H is the

Hamiltonian of the system, h is the Heaviside step function operator,

F ¼ ði=�hÞ½H; h� is the operator of flux through the dividing surface SðQÞ ¼ 0

between reactants and products, and b ¼ 1=kT . Replacing the Heaviside step

function operator and the quantum mechanical trace by the ZN nonadiabatic

transition probability and the phase integral, respectively, and carrying out the

integration with respect to the momenta except for the component normal to the

seam surface, one can finally obtain the semiclassical version of the thermal rate

constant for nonadiabatic process as

k ¼ Z
y
q

Z
q
r

ffiffiffiffiffiffiffiffi
1

2pb

s Ð
dQPðb;QÞjrSðQÞjd½SðQÞ� exp½�bVðQÞ�Ð

dQd½SðQÞ� exp½�bVðQÞ� ð17Þ

where Z
y
q is the quantum mechanical partition function of activated complex.

The effective coordinate-dependent nonadiabatic transmission probability
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Pðb;QÞ as a function of temperature T is defined by

Pðb;QÞ ¼ b
ð1

0

dEs expð�b½Es � VðQÞ�ÞPZNðEs;QÞ ð18Þ

where Es is the translational energy component perpendicular to the seam surface

and PZNðEs;QÞ is the nonadiabatic transmission probability at position Q on the

seam surface. This probability is given by the ZN formula.

Examples of numerical applications are shown in Fig. 10, where the collinear

(2D) model potentials in Ref. [54] are employed. The diabatic potentials

actually used are explicitly given by

V1ðr;RÞ ¼ Dð1 � exp½�bðr � reÞ�Þ2

þ 1

2
Dð1þ exp½�bðRþ r=2 � reÞ�Þ2� D=2 ð19Þ

V2ðr;RÞ ¼ Dð1 � exp½�bðR� r=2 � reÞ�Þ2

þ 1

2
Dð1 þ exp½�bðRþ r=2 � reÞ�Þ2 � D=2 ð20Þ

V12ðr;RÞ ¼ A exp½�gððr � rcÞ2 þ ðR� RcÞ2Þ� ð21Þ

where r and R are Jacobi coordinates for A þ BC arrangement and the parame-

ters are chosen to mimic the H þ H2 system. The actual values of the parameters
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Figure 10. Arrhenius plot of the thermal rate constants for the 2D model system. Circles-full

quantum results. Thick solid (dashed) curve: present nonadiabatic transition state theory by using the

seam surface [the minimum energy crossing point (MECP)] approximation. Thin solid and dashed

curves are the same as the thick ones except that the classical partition functions are used. Taken

from Ref. [27].
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are D ¼ 4:9 eV; b ¼ 1:877Å, re ¼ 0:7417Å, rc ¼ 1:5707re; Rc ¼ 1:5rc; g ¼
0:01Å�1, and A ¼ 0:1 eV. The adiabatic ground potential energy surface is shown

in Fig. 11. The present results (solid line) are in good agreement with the quantum

mechanical ones (solid circles). The minimum energy crossing point (MECP) is

conventionally used as the transition state and the transition probability is

represented by the value at this point. This is called the MECP approximation and

does not work well, as seen in Fig. 10. This means that the coordinate dependence

of the nonadiabatic transmission probability on the seam surface is important and

should be taken into account as is done explicitly in Eq. (18).

It is definitely necessary to extend this kind of theory to a general case in

which the ordinary transition state and the potential surface crossing position

are separated from each other.

III. MULTIDIMENSIONAL TUNNELING
IN CHEMICAL DYNAMICS

Needless to say, tunneling is one of the most famous quantum mechanical

effects. Theory of multidimensional tunneling, however, has not yet been

completed. As is well known, in chemical dynamics there are the following

three kinds of problems: (1) energy splitting due to tunneling in symmetric

double-well potential, (2) predissociation of metastable state through

50 100 150 200
R (a.u.) 

r 
(a

.u
.)

 

0

50

100

150

Figure 11. Contour plot of the adiabatic ground potential energy surface of the 2D model. The

dashed line shows the seam surface. Taken from Ref. [27].
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tunneling, and (3) tunneling in chemical reaction. It is strongly desired that

the semiclassical theories, such as those explained in the previous section,

can incorporate the tunneling effects so that chemical dynamics can be

correctly described and comprehended. Recently, we have successfully

formulated the powerful semiclassical theories for (1) and (2) mentioned

above that can be applied with high accuracy to real polyatomic systems of

vertually any dimension [30–32]. On the other hand, concerning the problem

(3) mentioned above, we have successfully developed a method to efficiently

detect caustics (turning points in the ordinary 1D system) while running

classical trajectories in multidimensional space [29]. This fundamental

problem takes into account the tunneling effects in the reactions. In this

section, these theories and their applications to realistic multidimensional

systems will be explained.

A. Tunneling Splitting in Polyatomic Molecules

1. General Formulation

There are many polyatomic molecules that show energy splittings due to

proton transfer in symmetric double-well potentials. The most well treated

molecule in this subject is a nine-atomic malonaldehyde ðC3O2H4Þ in which

proton transfer occurs between two oxygen atoms through the hydrogen

bond. There have been proposed various semiclassical theories to treat this

problem [55–67], but all of them are applicable only to 1D–2D systems

unless some simplification tricks are employed [68, 69]. In the actual

applications to real molecules, some kinds of effective 1D theories are

usually used. Note that there is an intresting multidimensional effect that the

tunneling splitting, or the tunneling probability, oscillates or decreases with

the energy given to the system. In other words, the tunneling splitting does

not incease exponentially as in the 1D case with vibrational excitation. This

cannot be explained at all by the 1D theory [62, 70].

The WKB theory we developed and briefly described below is formally

theoretically equivalent to the instanton theory [56–58, 71–76], but is more

straightforward and practical, and probably easier to understand. Let us start

with the 1D case in order to comprehend the basic ideas. The semiclassical

wave function is given as usual by

� ¼ exp½� 1

�h
W0 �W1� ð22Þ

The key observation here is that the ground-state energy is given by

E0 ¼ �ho0

2
þ Oð�h2Þ ð23Þ
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and is treated as the first-order term with respect to �h. Thus the energy E0 does

not come into the Hamilton–Jacobi (HJ) equation, but comes into the transport

equation. Namely, we have

1

2

qW0

qx

� �2

�mVðxÞ ¼ 0 ð24Þ

and

qW1

qx
qW0

qx
� q2W0

2qx2
þ o

2
¼ 0 ð25Þ

These equations can be easily solved as

W0ðxÞ ¼
ðx
�xm

p0ðzÞdz ð26Þ

and

W1ðxÞ ¼ 1

2
ln p0ðxÞ � 1

2

ðx o
p0ðzÞ dz ð27Þ

where xm is the potential minimum and p0ðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mVðxÞp

. By removing the

divergence in
Ð x
�xm

dz=p0ðzÞ, we have

�ðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ xm

p0ðxÞ
r

exp �
ðx
xm

p0ðzÞdz
� �

exp
1

2

ðx
xm

o
p0ðzÞ �

1

zþ xm

� �
dz

� �
ð28Þ

which gives the ground-state harmonic oscillator at x close to �xm

� � 1ffiffiffiffi
o

p exp �oðxþ xmÞ2

2

 !
ð29Þ

By inserting Eq. (28) into the Herring formula,

�0 ¼ 2�ðxÞ d�ðxÞ
dx

jx¼0Ð
dx�2ðxÞ ð30Þ

and evaluating the normalization factor using Eq. (29), we obtain the energy

splitting as

�0 ¼
ffiffiffiffiffiffiffiffiffi
4o�h
pm

r
p0ð0Þ exp �

ð0

�1
dt o� qp0ðzÞ

mqz

� �
expð�2W0ð0Þ=�h

� �
ð31Þ
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In the same way as described above, we can formulate the multidimensional

theory without relying on the complex-valued Lagrange manifold that

constitutes one of the main obstacles of the conventional multidimensional

WKB theory [62,63,77,78]. Another crucial point is that the theory should not

depend on any local coordinates, which gives a cumbersome problem in

practical applications. Below, a general formulation is described, which is free

from these difficuluties and applicable to vertually any multidimensional

systems [30].

We start from a very general Hamiltonian,

H ¼ � 1

2
ffiffiffi
g

p q
qqi

ffiffiffi
g

p
gij

q
qqj

� �
þ VðqÞ ð32Þ

where gij is the metric tensor and g ¼ detgij with gij being the inverse of gij and

q ¼ ðq1; q2; . . . ; qNÞ is the N-dimensional coordinate vector. Hereafter, the

energy is measued from the bottom of the potential minima qm, that is,

VðqmÞ ¼ 0. The energy splitting in this general case is calculated from

�0 ¼ 2
Ð ffiffiffi

g
p

ddðf Þ�gijqi�qifÐ ffiffiffi
g

p
dq�2

ð33Þ

where qi � q=qqi and f ðqÞ ¼ 0 defines the dividing surface � that is nothing but

the N � 1 dimensional potential barrier separating the two potential minima. The

HJ and transport equations are given by

H q;
qW0

qq

� �
¼ 0 ð34Þ

and

gijqiW0qjW1 � 1

2
gijq2

ijW0 þ o
2
� 1

2
�iqiW0 ¼ 0 ð35Þ

where

Hðq; pÞ ¼ 1

2m
gijpipj � VðqÞ ð36Þ

is the classical Hamiltonian with the upside down potential and

�iðqÞ ¼ 1ffiffiffi
g

p qjð ffiffiffi
g

p
gijÞ ð37Þ
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In order to solve Eq. (34), we use the method of characteristics and consider a

family of classical trajectories on the inverted potential fqðb; tÞ; pðb; tÞg, where

b is an ðN � 1Þ-dimensional parameter to characterize the trajectory and t is the

time running for the infinite interval along the trajectory, where t ¼ �1
corresponds to the minimum of the potential qðb;�1Þ ¼ qm; pðb;�1Þ ¼ 0.

The solution we want is the trajectory that connects the two potential minima and

along which the action becomes minimum. This is called the instanton trajectory

and belongs to the above mentioned family q0ðtÞ ¼ qðb0; tÞ. At q close to the

potential minimum qm, the momentum pðqÞ is linear with respect to the

deviation ðq � qmÞ and W0ðqÞ is quadratic,

W0 ¼ 1

2
ðq � qmÞTAmðq � qmÞ þ oððq � qmÞ2Þ ð38Þ

Inserting this equation into the HJ equation, we obtain

AmgmAm ¼ VqqðqmÞ ð39Þ

where Vqq is the matrix of the second derivatives of the potential, gm is the

compact notation for gijðqmÞ, and Am ¼ AðqmÞ. Once the instanton trajectory

q0ðtÞ is found, then 2W0 can be calculated as the action integral along that. The

quantity W1 along the instanton trajectory is found from the transport equation

[Eq. (35)]. Since gijqiW0qj is nothing but the time derivative along the instanton

trajectory d=dt, the direct integration using the Gaussian approximation in the

direction perpendicular to the instanton gives

2W1� ¼
ð0

�1
dt½Trð~AðtÞ � Am þ pTL� ð40Þ

where Trð~AÞ � ~Ai
i ¼ gij~Aij, and we took into account the following relation

o ¼ 1

2
TrðAmÞ þ Oð�hÞ ð41Þ

The matrix ~A is defined as

~AijðtÞ ¼ q2W0

qqiqqj
¼ qpi

qqj
ð42Þ

and this matrix satisfies the first-order differential equation,

d~A

dt
¼ �Hqq � Hqp

~A � ~AHpq � ~AHpp
~A ð43Þ
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where Hqq, and so on, are the matrices of the second derivatives of the classical

Hamiltonian, q2H=qqiqj; . . .. The initial condition is

~Að�1Þ ¼ Am ð44Þ

Finally, the splitting can be expressed as

�0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4g�detAm

pgmdetA�

s
ðpTgpÞ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpTA�1pÞ�

q exp½�2W0� � 2W1�� ð45Þ

where

A� � ~A� þ d~A� ð46Þ

with

ðd~A�Þij ¼ �pkðq�Þ�k
ijðq�Þ ð47Þ

where

�k
ij ¼

1

2
gks

qgis
qqj

þ qgjs
qqi

� qgij
qqs

� �
ð48Þ

are the Christoffel symbols.

Now, the general formulation of the problem is finished and ready to be

applied to real systems without relying on any local coordinates. The next

problems to be solved for practical applications are (1) how to find the instanton

trajectory q0ðtÞ efficiently in multidimensional space and (2) how to incorporate

high level of accurate ab initio quantum chemical calculations that are very time

consuming. These problems are discussed in the following Section III. A. 2.

2. How to Find Instanton Trajectory and How to Incorporate

Accurate ab initio Quantum Chemical Calculations

The instanton trajectory q0ðtÞ to be found satisfies the boundary conditions,

q0ð�1Þ ¼ qm q0ð1Þ ¼ ~qm ð49Þ

and minimizes the classical action

S½qðtÞ� ¼
ð1
�1

Lð _qðtÞ; qðtÞÞdt ð50Þ
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where qm and ~qm are the positions of the two symmetric potential minima,

VðqmÞ ¼ Vð~qmÞ ¼ 0, and Lð _q; qÞ is the classical Lagrangian for the inverted

potential,

Lð _q; qÞ ¼ m

2
gijðqÞ _qi _qj þ VðQÞ ð51Þ

One might think that it would be easy to find the instanton trajectory by

running classical trajectories even in a multidimensional space. This is actually

not true at all. Instead of doing that, we introduce a new parameter z, which

spans the interval ½�1; 1� instead of using the time t and employ the variational

principle using some basis functions to express the tarjectory. The 1:1

correspondence between t and z can be found from the energy conservation

and the time variation of z is expressed as

_zðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Vðq0ðzÞÞ
gijðq0ðzÞÞ dq

i
0
ðzÞ

dz

dq
j

0

dz

vuut ð52Þ

where the overdot means the derivative with respect to time. The proposed

variational method is to minimize the classical action in the space of the paths

expanded in terms of the basis functions as

qi0ðz; fCgÞ ¼
1

2
½ð~qim þ qimÞ þ ð~qim � qimÞz� þ

XNb

n¼1

CinfnðzÞ ð53Þ

where ffnðzÞg is a certain set of smooth basis functions under the boundary

condition fnð	1Þ ¼ 0. The first two terms in the above equation represent a

straight line connecting the two minima. The expansion coefficients fCg are

determined variationally. In the actual calculations, we have used the basis

fnðzÞ ¼ ð1 � z2ÞPnðzÞ, where PnðzÞ are the Legendre functions. Starting from a

certain initial guess of the instanton path, for example, the straight line

connecting the two minima, the path is improved iteratively by minimizing the

action SðfCgÞ with respect to the coefficients fCg. In this procedure, the explicit

time dependence of zðtÞ does not have to be determined. Since _zðzÞ is given

analytically as a function of z, all the calculations can be carried out in terms of

the parameter z. For example, the action S is given by

S ¼
ð1

�1

dz
1

2
_zðzÞgklðq0ðzÞÞq0k0 ðzÞq0l0ðzÞ þ

ð1

�1

dz

_zðzÞVðq0ðzÞÞ ð54Þ

where the ‘‘0’’ stands for the derivative with respect to the parameter z. In order to

minimize the action S, we assume the variation of the path by shifting the
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coefficients, C ! C þ dC. The action up to the second order with respect to dC
is given by

SðfdCgÞ ¼ SðfCgÞ þ dCT qS
qdC

þ 1

2
dCT q2S

qdCqdC
dC ð55Þ

Minimization of this quantity gives a set of new coefficients and the improved

instanton trajecotry. The second and third terms in the above equation

require the gradient and Hessian of the potential function VðqÞ. For a given

approximate instanton path, we choose Nr values of the parameter fzngn¼1;2;...Nr

and determine the corresponding set of Nr reference configurations fq0ðznÞg.

The values of the potential, first and second derivatives of the potential at any

intermediate z, can be obtained easily by piecewise smooth cubic interpolation

procedure.

Although accurate determination of electronic states of large molecules is

now possible with the use of the high level of ab initio quantum chemical

methods, it is still a formidable task to obtain a global potential energy

surface of such accuracy. Since the tunneling splitting dynamics is

predominantly determined by the potential energies along the instanton

trajectory and the global topology of the trajectory does not depend strongly

on the quality of the ab initio method, fortunately, it is recommended to find

the instanton path first by using a nontime-consuming low level ab initio

method. In this first step, even the simple straight-line path can be assumed as

an initial guess. As seen in the actual examples shown later, however, the high

level ab initio method is definitely required eventually to obtain the reliable

accurate values of tunneling splitting. Since the number of iterations strongly

depend on the quality of the initial guess, it is recommended to improve the

accuracy of the ab initio method steadily so that the computational efforts at

the final stage can be reduced. The typical example of the low level ab initio

methods is the MP2, and the coupled-cluster singles and doubles including a

perturbational estimate of triple excitations [CCSD(T)] with the basis set of

the Dunning’s cc-pVDZ can be used as an intermediate level.

3. Numerical Applications

a. Malonaldehyde. Tunneling splitting in malonaldehyde (see Fig. 12) was

discussed well both experimentally [79–82] and theoretically [83–88]. Mal-

onaldehyde, as depicted in Fig. 12, is a nine-atom molecule and has a hydrogen

bond of O��H. . .O where the tunneling of a hydrogen atom between two oxygen

atoms occurs to cause the splitting in the vibrational energy levels. Tunneling

splittings have been determined experimentally by the microwave spectroscopic

studies by Wilson’s group [79, 82] and by other groups [80, 81]. In such heavy–

light–heavy systems, the reaction path is sharply curved near the transition state
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and one has to take into account the multidimensional effects on the tunneling

splitting. Carrington and Miller [84] first estimated the ground-state tunneling

splitting based on the reaction surface Hamiltonian formalism that utilized two

large amplitude coordinates and the extensions to three-dimensional (3D)

models were done by Shida et al. [85]. Full-dimensional calculations were

carried out by the semiclassical trajectory method [86] and by the instanton

theory [83,87]. A full dimensional potential energy surface for malonaldehyde

has been recently generated in [89] using the modified-Shepard interpolation

(MSI) technique [90–92] at the level of the second-order Moller–Plesset

perturbation theory (MP2) [93] with 6-31G(d,p) basis set, which was then

used within the semiclassical trajectory method of Makri and Miller [68] to

estimate the tunneling splitting. In this study, we discovered that the accuracy of

the MSI (MP2/6-31G) potential energy function is not good enough and a much

higher level ab initio method is required. Besides, the various dynamics methods

used so far to estimate the tunneling splitting are also not accurate enough.

Applications of the theory described in Section III.A.2 to malonaldehyde

with use of the high level ab initio quantum chemical methods are reported

below [94,95]. The first necessary step is to define 21 internal coordinates of this

nine-atom molecule. The nine atoms are numerated as shown in Fig. 12 and the

Cartesian coordinates xin in the body-fixed frame of reference (BF)

rn ¼
P3

i¼1 xinei where n ¼ 1; 2; . . . 9 numerates the atoms are introduced.

This BF frame is defined by the two conditions. First, the origin is put at the

center of mass of the molecule,

X9

n¼1

Mnxin ¼ 0 for ði ¼ 1; 2; 3; � � �Þ ð56Þ

where Mn is the mass of the nth atom. The second condition fixes the orientation

of the BF axis feig. We require that (1) the ‘‘tunneling’’ hydrogen atom ðH9Þ lies
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Figure 12. Malonaldehyde molecule. Taken from Ref. [94].
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in the ðe1; e2Þ plane and (2) e1 is directed along the line connecting the two

oxygen atoms O1 and O8. In terms of xin, these two conditions read

x39 ¼ 0; x21 ¼ x28; x31 ¼ x38 ð57Þ

Equations (56) and (57) give six constrains and define the BF-system uniquely.

The internal coordinates qkðk ¼ 1; 2; � � � ; 21Þ are introduced so that the functions

satisfy these equations at any qk. In the present calculations, 6 Cartesian

coordinates ðx19; x29; x18; x11; x21; x31Þ from the triangle O8 � H9 � O1 and 15

Cartesian coordinates of 5 atoms C2;C4;C6;H3;H7 are taken. These 21

coordinates are denoted as qk. Their explicit numeration is immaterial. Equations

(56) and (57) enable us to express the rest of the Cartesian coordinates

ðx39; x28; x38; r5Þ in terms of fqkg. With this definition, xinðq1; q2; . . . ; q21Þ are

just linear functions of fqkg, which is convenient for constructing the metric

tensor. Note also that the symmetry of the potential is easily established in terms

of these internal coordinates. This naturally reduces the numerical effort to one-

half. Construction of the Hamiltonian for zero total angular momentum ðJ ¼ 0Þ
is now straightforward. First, let us consider the metric,

ds2 ¼
X
n

Mndr2
n ð58Þ

and perform the transformation fdrng ! fdqk; dX; dRc:m:g where dX ¼
ðdo1; do2;o3Þ represent the projections of the infinitesimal rotation onto the

BF axes and Rc:m: is the center of mass position. The latter separates from the

equation of motion and does not need to be considered. By inserting

drn ¼ ðqrn=qqkÞdqk þ ½dX� rn� into Eq. (58), we obtain

ds2 ¼
X

Mn½dxindxin þ 2eijkxkndxindoj þ ðr2
ndij � xinxjnÞdoidoj� ð59Þ

¼
X

Mn

qxin
qqk

qxin
qql

dqkdql þ 2eijsxsn
qxin
qql

dqldoj þ ðr2
ndij � xinxjnÞdoidoj

� �

ð60Þ

where eijk is a fully antisymmetric tensor with respect to its three indices.

Equation (59) explicitly determines the covariant metric tensor gijðqÞ in terms of

the 24 generalized coordinates dQ ¼ fdq; dXg:

ds2 ¼ ðdqT ; dXTÞ Gqq;Gqo

Goq;Goo

� �
dq

dX

� �
ð61Þ

With the above choice of coordinates, the internal ðGqqÞ, Coriolis ðGqoÞ, and

rotational ðGooÞ, parts of the metric are constant, linear, and quadratic functions
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of q, respectively. The expression of the kinetic energy operator now reads

T ¼ � �h2

2
ffiffiffiffi
G

p
X24

i;j¼1

q
qQi

ffiffiffiffi
G

p
Gij q

qQj

� �
ð62Þ

where q=qQ ¼ ðq=qq; q=qXÞ, and Gij are the elements of the inverse of the

covariant metric tensor

X24

k¼1

GikG
kj ¼ dij ð63Þ

and G ¼ jgijj is the determinant of the metric. By setting q=qX � J ¼ 0 in

Eq. (62), we obtain the kinetic energy operator for zero angular momentum

(J ¼ 0) in the form of Eq. (32), where g ¼ G and gkl is a 21 � 21 block of Gij.

Now, all the necessary computations can be carried out according to the formulas

presented before.

The actual computations are performed as follows. The employed ab initio

methods are the MP2, the quadratic configuration interaction method, including

single and double substitutions (QCISD) [96] and the coupled-cluster singles

and doubles including a perturbational estimate of triple excitations (CCSD(T))

[97] with the basis sets of the Dunning’s cc-pVDZ and aug-cc-pVDZ [98, 99].

We also attempted the hybrid basis set of aug-cc-pVDZ (for two oxygen atoms

and the transferring hydrogen atom H9 in Fig. 12) and cc-pVDZ (for other

atoms), denoted as (aug-)cc-pVDZ. Ab initio calculations were carried out by

using GAUSSIAN 98 [100] and MOLPRO [101]. Table I gives a summary of

barrier heights obtained by each electronic structure method, as well as that by

the MSI(MP2/6-31G) potential energy function [88]. Comparisons of the results

obtained by cc-pVDZ with those by aug-cc-pVDZ show that the calculations

with augmented basis sets yield larger barriers by 0.38 and 0:61 kcal mol�1 at

the MP2 and QCISD levels, respectively. The results with aug-cc-pVDZ and

(aug-)cc-pVDZ are almost the same at both MP2 and QCISD levels, which

indicates that the augmented basis sets need to be added only on two oxygen

atoms and the moving hydrogen atom. Then, the coupled-cluster singles and

doubles including a perturbational estimate of triple excitations [CCSD(T)]

method with the (aug-)cc-pVDZ basis sets and with the hybrid basis set of aug-

cc-pVTZ and cc-pVTZ, denoted as (aug-)cc-pVTZ, is applied to locate the

stationary points. Table I shows the resulting BH at the CCSD(T)/(aug-)cc-

pVDZ level as 4:53 kcal mol�1 which is between those of MP2 and QCISD

obtained as 3.31 and 5:44 kcal mol�1, respectively. The best estimation for the

barrier height was obtained as 3:81 kcal mol�1 at CCSD(T)/(aug-)cc-pVTZ level

of theory; the effect of triple-zeta level of basis sets decreases the BH.
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Computations at the level of CCSD(T)/(aug-)cc-pVTZ are, however, very much

time consuming and in the following instanton calculations the best level of

theory employed is CCSD(T)/(aug-)cc-pVDZ.

We computed the tunneling splitting for MP2/cc-pVDZ, QCISD/(aug-)cc-

pVDZ and CCSD(T)/(aug-)cc-pVDZ methods. The ab initio calculations were

performed on Pentium 4 1.8 GHz Linux PC computer. To evaluate the energy,

gradient, and Hessian matrix at one point it took 14 m, 1 d 3 h 43 m, 10 d 16 h

28 m cpu time for MP2/cc-pVDZ, QCISD/(aug-)cc-pVDZ and CCSD(T)/

(aug-)cc-pVDZ, respectively. We used the instanton trajectory of the MSI

potential energy function as an initial guess for MP2/cc-pVDZ calculations, the

new convergent q0ðzÞ as the first approximation for the QCISD/(aug-)cc-pVDZ

level, and so on. In all these cases, four extra iterations were good enough to

achieve convergence at each higher ab initio level. Figure 13 depicts the

instanton trajectory. For illustration purpose, the motion of four different atoms

in the molecular plane is shown. In this figure, we also compare the instantons

for the present accurate ab initio potential, the global MP2-level [88], and the

semiempirical analytical potential energy surface [86]. The shape of the

instanton in the semiempirical case differs drastically from the correct one. This

finding is also clearly seen for the large amplitude motion of the ‘‘tunneling’’ H9

atom. The reasonable value of the tunneling splitting obtained in Ref. [30] is

due to mutual cancellation of the short ‘‘tunneling path’’ and the overestimated

barrier height. Our final results for the tunneling splitting are presented in

Table II. The values of B; S0 ¼ 2W0 and S1 ¼ 2W1� are also shown, when the

splitting is expressed as �0 ¼ B expð�S0 � S1Þ. The MP2/cc-pVDZ and

QCISD/(aug-)cc-pVDZ methods are not accurate enough. Both methods give

TABLE I

Comparison of Barrier Heights (BH) in kcal mol�1 for the

Proton Transfer in Malonaldehyde Computed by

Different Quantum Chemical Methods

Barrier Height

Quantum Chemical Method BH

MP2/6-31G(d,p)a 3.62

/cc-pVDZ 2.91

/aug-cc-pVDZ 3.29

/(aug-)cc-pVDZ 3.31

QCSID/(aug-)cc-pVDZ 5.44

/cc-pVDZ 4.80

/aug-cc-pVDZ 5.41

CCSD(T)/(aug-)cc-pVDZ 4.53

/(aug-)cc-pVTZ 3.81

aRef. [88].
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about four times of discrepancy compared with the experimental value

�0 ¼ 21:6 cm�1 . This deviation is mainly due to the incorrect barrier height,

which in MP2/cc-pVDZ and QCISD/(aug-)cc-pVDZ methods constitute 2.91

and 5:41 kcal mol�1, respectively. The correct value lies in between these two

(see Table I). The error also correlates with the behavior of the potential along

the instanton path. However, the deviation of the results for the different ab

initio methods comes mostly from the principal exponential factor S0, which

strongly depends on the barrier height. The preexponential factors are not that

sensitive, indicating that the different ab initio methods produce the potential

functions with similar topology. As a result, the shapes of the instanton

trajectories are close to each other. The main differences among the three

trajectories in Fig. 13 are actually due to their starting positions (potential

minima). This explains the fact that at the higher ab initio computational level

the convergence is easily achieved with a few extra step of the iteration. Thus,

although the MP2/cc-pVDZ and QCISD/(aug-)cc-pVDZ calculations cannot

produce a reliable value of the tunneling splitting, they enable us to reduce the

numerical efforts on the higher ab initio levels. In this case, the instanton

trajectory for CCSD(T)/ (aug-)cc-pVDZ was obtained by four extra steps of

Figure 13. Comparison of the ab initio instanton trajectory by the CCSD(T)/(aug-)cc-pVDZ

method with those obtained by (b) the global MP2 method and (c) analytic potential energy function.

Taken from Ref. [95].
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iteration using only 33 ab initio points in total. We have obtained the tunneling

splitting 16:4 cm�1 in a relatively good agreement with the experimental value

21:6 cm�1 [80]. As shown in Table I, the potential barrier is overestimated in the

CCSD(T)/(aug-)cc-pVDZ method, which is likely to be the reason for

conservative calculated value.

To study the accuracy of the above result we estimated the splitting for the

higher CCSD(T)/(aug) cc-pVTZ level of electronic structure theory. The full

TABLE II

Comparison of the Tunneling Splittings ð�0Þ in Malonaldehyde

(A) Case of Hydrogen

�0 ¼ B expð�S1 � S0Þ
Method �0ðcm�1Þ Bðcm�1Þ S0 S1

MP2/6-31G(p,d)a 30.7 1855 5.56 �1.46

/cc-pVDZ 77 1642 4.53 �1.48

QCISD/(aug-)cc-pVDZ 4.5 2200 7.38 �1.18

CCSD(T)/(aug-)cc-pVDZ 16.4 1922 6.14 �1.37

/(aug-)cc-pVTZb 21.2 1642 5.83 �1.48

/(aug-)cc-pVTZc 22.2 1922 5.83 �1.37

Tautermann(CCSD(T))d 24.7

Empiricale 57.7

Experimentf 21.6

aRef. [88].
bThe parameter �0 is estimated by taking B,S1 from MP2/cc-pVDZ(4,6).
cThe parameter �0 is estimated by taking B,S1 from CCSD(T)/(aug-)cc-pVDZ(5).
dRef. [87].
eRef. [83].
eRef. [80].

(B) Case of Deuterium

�0 ¼ B expð�S1 � S0Þ
Method �0ðcm�1Þ Bðcm�1Þ S0 S1

MP2/6-31G(p,d)a 4.58 1408 7.09 �1.31

/cc-pVDZ 14.9 1269 5.74 �1.30

CCSD(T)/(aug-)cc-pVTZb 3.0 1269 7.35 �1.30

Empiricalc 8.63

Experimentd 2.9

aRef. [88].
bThe parameter �0 is estimated by taking B,S1 from MP2/cc-pVDZ(4,6).
cRef. [83].
dRef. [82].
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implementation of the present method with this ab initio level is still too time

consuming. The calculations of Hessian matrix would require �140 days for one

reference point or > 5 years for two steps of iteration. However, as noted above,

the instanton paths for different ab initio methods show fairly similar topology.

Thus, we can estimate �0 by using the CCSD(T)/(aug) cc-pVTZ energy along the

previously obtained instanton path. This gives a classical action S0 at higher

ab initio level while the other two factors B and S1 can be taken from the lower

level. In this way, we have obtained �0 ¼ 21:2ð22:2Þ cm�1 by taking the

preexponential factors from the MP2 (CCSD) calculations. The isotope effect was

estimated in the same way. For deuterium isotope of malonaldehyde, we first

found the accurate instanton trajectory and calculated the splitting by the MP2/cc-

pVDZ ab initio method. The action S0 was recalculated for this path by using

CCSD(T)/(aug-)cc-pVTZ ab initio potential points while two other factors B and

S1 remained unchanged. This gives �0ðDÞ ¼ 3:0 cm�1 in very good agreement

with the experimental data 2:9 cm�1 [82].

As mentioned above, it is unfortunate that the fully converged ab initio

potential energies cannot be obtained because of too much cpu time

consumption. From our experience in the ab initio calculations, however, we

can roughly guess that the error of the effective barrier height would be

0:1�0:2 kcal mol�1, which leads to a possible error of � 2�3 cm�1 in �0ðHÞ.
Of course, the accuracy of the present method is also affected by the instanton

approach itself. For 1D models the latter typically gives 5% level of error

or even better for large values of S0. In Ref. [30], we have calculated

the splitting in the H2O complex and found the same accuracy of the semi-

classical result. In the same reference, we have estimated both �0ðHÞ and

�0ðDÞ of malonaldehyde using the empirical potential in Ref. [86] as

�0ðH;DÞ ¼ 57:7; 8:63 cm�1 in comparison with the values, �0ðH;DÞ ¼
21:8; 5:2 cm�1, reported in Ref. [86]. The absolute values are very different

from each other, but the isotope effect is actually better reproduced by our

calculations. We believe that the present theory is quite accurate and a

practically useful theoy, being a kind of foolproof theory, and that the quality

of the ab initio data is the most decisive factor for obtaining reliable values of

tunneling splitting. By using the present framework of the theory, we can

investigate the importance of various degrees of freedom. We actually

investigated the effect of the out-of-plane vibration on the splitting [102]. The

calculations can be carried out in the same way as before except that the

metric gkl is restricted to the 15 � 15 block of the Gij in order to restrict the

motion onto the molecular plane. Although the computations were carried out

not at the highest ab initio level, but at the level of CCSD(T)/(aug-)cc-pVDZ,

the result obtained is �0ðHÞ ¼ 160 cm�1 in comparison with 16:4 cm�1 at the

same ab initio level. This clearly indicates that the in plane and out-of-plane

modes of the hydrogen atom are strongly coupled.

128 hiroki nakamura



Before concluding, it is probably worthwhile to make the following comment

concerning the computational strategy. In the present work, we first resorted to a

hybrid scheme of the calculations by using the globally analytically fitted

potential energy surface. Although this kind of preliminary step is impossible in

general case (due to the absence of such kind of potential energy surface), it is

actually not needed. According to the present methodology to find the instanton

trajectory, the latter can be found after 10–12 steps of iteration by taking even

the straight line as the initial guess. This requires 100–120 reference points in

total and any non-time consuming ab initio level of quantum chemical

computations can be readily used to accomplish this step. The obtained result

can now be taken as the initial approximation for the highest possible ab initio

level. This is now the second stage that requires only three to four extra steps of

iteration to get the final result.

b. Vinyl Radical C2H3. The vinyl radical is well known to be an important

intermediate in combustion chemistry (see Fig. 14). Very recently, Tanaka et al.

[103] investigated this radical by millimeter-wave spectroscopy and reported a

set of precise molecular constants together with the tunneling splitting. This five-

atom molecule is a good example so that we can accomplish the full-scale high

level quantum chemical calculations and confirm the accuracy of our

semiclassical theory of tunneling splitting. The calculations were carried out

in the same way as in malonaldehyde. The iterative finding of the instanton path

is shown in Fig. 15, where the straight line is assumed as the initial guess as

before at the MP2 level and the final one was found at the level of CCSD(T)/aug-

cc-pVTZ. Only two more steps are required at this level to achieve the

convergence. The final results are �0ðHÞ ¼ 0:14 cm�1 and �0ðHÞ ¼ 0:53 cm�1

by the MP2/6-31G(d,p) and the CCSD(T)/aug-cc-pVTZ method, respectively.

The converged result, �0ðHÞ ¼ 0:53 cm�1, is in good agreement with the

experimental value, �0ðHÞ ¼ 0:54 cm�1 [103]. This guarantees the accuracy of

the present semiclassical theory at least for the ground vibrational state.

H1

H4
H5

C3

C2

Figure 14. Vinyl radical. Taken from Ref. [104].
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4. Tunneling Splitting in Low Vibrationally Excited States

The semiclassical theory introduced above can be extended to low vibrationally

excited states [32]. The multidimensionality effects are more crucial in this case.

As was found before [62, 70], the energy splitting may oscillate or even decrease

against vibrational excitation. This cannot be explained at all by the effective 1D

theory.

Let us first start with the simple 1D problem of the symmetric potential

Vð�xÞ ¼ VðxÞ with 2 equivalent potential minima 	xm. In our treatment, the

principal exponential factor W0ðxÞ does not depend on the energy E and thus the

Hamilton–Jacobi equation does not change. Putting

En¼1 ¼ En¼0 þ �ho ð64Þ

and

W
ðn¼1Þ
1 ¼ W

ðn¼0Þ
1 þ w ð65Þ

then the additional factor w satisfies the following equation:

p0ðxÞ
m

dwðxÞ
dx

þ o ¼ 0 ð66Þ

Figure 15. Iterative calculation of the instanton path. The labels 1–9 show gradual

improvement of the instanton trajectory shape using the MP2/cc-pVDZ ab initio data. After

switching to the CCSD(T)/(aug-)cc-pVDZ ab initio method, only two more steps needed to achieve

convergence and obtain the final results. Taken from Ref. [104].
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This can be solved easily to give

wðxÞ ¼ �
ðx mo

p0ðxÞ dx ¼ �
ðt

odt

¼
ðt
�1

1

m

dp0

dx
� o

� �
dt� ln p0ðxÞ ð67Þ

At x ! �xm, exp½�wðxÞ� � p0ðxÞ and the semiclassical wave function becomes

�ðn¼1Þ ¼ p0ðxÞ exp½�moðxþ xmÞ2=2�h� � oðxþ xmÞ exp½�noðxþ xmÞ2=2�h�
ð68Þ

which coincides with the first excited state of harmonic oscillator. Taking into

account the difference in the normalization factor Nðn¼1Þ ¼ ð�hmo=2ÞNðn¼0Þ from

the ground state, we can finally obtain the splitting for the excited state as

�ðn¼1Þ ¼ 2�ðn¼0Þ
p2

0ð0Þ
�hmo

exp 2

ð0

�1
dt o� 1

m

dp0

dx

� �� �

¼ �ðn¼0Þ
Vð0Þ
o

exp 2

ð0

�1
dt o� 1

2

dV

Vdt

� �� �
ð69Þ

Since dp0ðxÞ=dx is a monotonically decreasing function of time and the

barrier height Vð0Þ is always exceeds the excitation energy, we can see

from Eq. (69)

�ðn¼1Þ > �ðn¼0Þ ð70Þ

In the case of longitudinal excitation Eqs. (69) and (70) hold true in a general

multidimensional system, as explained later.

For the purpose of illustration, let us next consider the simple 2D case.

Introducing the local variables ðs; xÞ where s 2 ½�sm; sm� runs along the

instanton path q0ðsÞ and x is the coordinate perpendicular to the instanton,

we obtain

W0ðs; wÞ ¼
ðs
�sm

p0ðsÞdsþ myðsÞ
2

w2 ð71Þ

W
ðn¼1Þ
1 ðsÞ ¼

ðs
�sm

ds
m

2p0ðsÞ
1

m

dp0

ds
þ yðsÞ � ok � o?

� �
ð72Þ

where yðsÞ plays a role of the effective frequency in the direction of the

transversal local coordinate x, as given before. The additional term wðs; xÞ in
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Eq. (65) satisfies the equation,

p0ðsÞ
m

qw
qs

þ yðsÞx qw
qx

þ�E

�h
¼ 0 ð73Þ

where �E is the excitation energy.

In the case of longitudinal excitation ðnk ¼ 1; n? ¼ 0Þ, �E ¼ �hok and the

solution is the same as Eq. (69). In the transversal excitation case, �E ¼ �ho?
and we obtain the solution of wðs; xÞ as

wðs; xÞ ¼
ðs
�sm

ds
m

p0ðsÞ ½yðsÞ � o?� � ln x ð74Þ

The semiclassical wave function at ðs ! �sm; x ! 0Þ becomes

� ¼ x exp �mokðsþ smÞ2

2�h
� mo?x2

2�h

 !
ð75Þ

which coincides with the first excited state ðnk ¼ 0; n? ¼ 1Þ of the 2D harmonic

oscillator. Considering the normalization factor Nn? ¼ �hN0=2mo?, we obtain finally

�n?¼1 ¼ ��0

o?
yð0Þ exp 2

ð0

�1
dtðo? � yÞ

� �
ð76Þ

The effect of transversal excitation on the splitting depends on the behavior of

yðtÞ and is not simple as in the longitudinal case. If yðtÞ grows (decreases)

monotonically along the instanton path, then the excitation of the transversal

mode suppresses (promotes) the tunneling splitting. Besides, as will be shown

later, this 2D model is still not good enough, since the y cannot be well

approximated by only one mode perpendicular to the instanton path.

The above formulation can be generalized to a general multidimensional case

in the form invariant under any coordinate transformation, as was done before

for the ground-state case. We consider the general Hamiltonian given by

Eq. (32). The formulation can be carried out in the same way as before. The

equation for the additional term w is given by

gij
qW0

qqi

qw
qqj

þ�E ¼ 0 ð77Þ

the solution can be obtained as

w ¼
ðt
�1

½yðtÞ ��E�dt� lnðUTðtÞ�xÞ ð78Þ
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where U and y are defined as

_Uk ¼ yðtÞUk � gij~Aik þ qgij

qqk
p0i

� �
Uj ð79Þ

and

yðtÞ ¼
X
ij

UiUjAij ð80Þ

where Ui ¼ gikUk and the normalization condition should be satisfied as

X
ij

gijUiUj ¼ 1 ð81Þ

The tunneling splitting is finally given by

�ng¼1
¼ �0og UT A�1 þ ðA�1p0Þ � ðpT

0 A�1Þ
ðpT

0 A�1p0Þ

" #
U

 !
�

exp½��S1� ð82Þ

where �S1 is the correction due to the first term of w,

�S1 ¼ 2

ð0

�1
½yðtÞ � og�dt ð83Þ

The matrix A is the same as before.

Finally, the tunneling splittings are given by Eq. (69) and Eq. (82) for the

longitudinal and transversal single mode excitation, respectively. Generalization

to the M-mode excitation ðngk ¼ 1; k ¼ 1; 2; � � � ;M; ng0 ¼ 0; g0 6¼ gkÞ is straight-

forward. This is not discussed here [32].

The above theory has been applied to HO2 and the vinyl radical C2H3 [32,

104]. Only the final numerical results are shown here. Table III gives the results

for HO2. The quantum numbers n1; n2, and n3 correspond to HO stretch, HO2

bend, and O2 stretch. As can be seen, the effect of vibrational excitation varies

from mode to mode and the peculiarity is well reproduced by the present

semiclassical theory. Figure 16 shows the change of y along the instanton path

and clearly demonstrates the insufficiency of the adiabatic approximation. There

are strong interactions among transversal vibrations and these features cannot be

reproduced by any 2D model. Table IV shows the results for the vinyl radical.

Again the effect of the excitation varies from mode to mode. In this case, the

lowest excitation, that is, the rocking vibration, corresponds to the longitudinal one

and the enhancement is much larger than the others. The absolute values of splitting

cannot be well reproduced by the low level of quantum chemical calculations,

such as MP2, but the ratio �n=�0 can be relatively well reproduced by them.
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B. Decay of Metastable State through Tunneling (Predissociation)

The theory developed for tunneling splitting can be easily extended to the decay

of the metastable state through multidimensional tunneling, namely, tunneling

predissociation of polyatomic molecules. In the case of predissociation, however,

the instanton trajectory cannot be fixed at both ends, but one end should be free

(see Fig. 17). The boundary conditions are

q0ðt ¼ �1Þ ¼ qm ð84Þ

and

Vðqðt ¼ 0ÞÞ ¼ 0 ð85Þ

The basis functions ffnðzÞg used to define the instanton trajectory is

fnðzÞ ¼ zn ð86Þ

where z 2 ½0; 1� and fnðz ¼ 0Þ ¼ 0. The functionality of zðtÞ is the same as

before, and zðt ¼ �1Þ ¼ 0; q0ðz ¼ 0Þ ¼ qm; and Vðq0ðaÞÞ ¼ 0, where a is a

scaling factor introduced below. Thus the instanton path is given by

qi0ðzÞ ¼ qim þ
XNb

n¼1

Cinzn ð87Þ

where the expansion coefficients fCing are determined iteratively by minimizing

the action in the same way as before. However, the old path cannot be used as the

TABLE III

Tunneling Splitting of the Low Excited States of HO2
a,b

Splitting in Excited States

ðn1; n2; n3Þ �n=�0ðexactÞ �n=�0ðSCÞ
(0,0,0) 1 1

(0,0,1) 1.82 1.62

(0,1,0) 0:77 � 102 1:02 � 102

(0,1,1) 1:34 � 102 1:65 � 102

(1,0,0) 1:12 � 103 0:9 � 103

(1,0,1) 2:32 � 103 2:0 � 103

(1,1,0) 5:76 � 104 8:7 � 104

a The exact value and the semiclassical value of the ground state are

�0ðexactÞ ¼ 0:77 � 10�12eV and �0ðSCÞ ¼ 0:78 � 10�12eV. The

parameter n1; n2; and n3 are quantum numbers corresponding to HO

stretch, HO2 bend, and O2 stretch, respectively.
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initial guess for the next iteration, since the second boundary condition Eq. (85)

is not satisfied. Thus one more step to renormalize the parameter z, that is, the

scaling z ! az, is introduced so that Eq. (85) is satisfied. This scaling simply

corresponds to the transformation

Cin ! ainCin ð88Þ

TABLE IV

Normal Frequencies in ðcm�1Þ and Corresponding

Tunneling Splitting for the First Excited States of Vinyl Radicala,b

Frequency and Tunneling Splitting

n Type of the Motion on[CCSD(T)] on[MP2] �=�0[CCSD(T)] �=�0[MP2]

1 C2H1 rocking vibration 711 771 36.0 41.1

2 Wagging (out-of-plane) 813 996 2.20 1.76

3 Wagging (out-of-plane) 923 1063 1.28 1.12

4 plane distortion 1062 1129 3.0 2.3

5 H4C3H5 bending 1390 1465 17.0 1.5

6 C2C3 stretching 1632 1863 200.0 70.0

aSee Fig. 14.
bThe C3 atom in the wagging mode n ¼ 2 shifts more than the atom C2 in the wagging mode n ¼ 3.

Figure 16. The effective frequency yðtÞ for two transversal excitations in HO2. Solid line

shows the results of numerical solution of Eqs. (79) and (80). Dotted line represents the frequency in

the adiabatic approximation. g ¼ 1½3� corresponds to the mode ð0; 0; 1Þ ½ð1; 0; 0Þ� (see Fig. 14). Taken

from Ref. [32].
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Except for this scaling, the other procedures are the same as in the case of

tunneling splitting. The canonically invariant formula for the decay rate k can be

finally obtained as

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

detAm

pgmdetAð0Þ

s
pTgp0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpT

A�1pÞ0

q exp½�S0 � S1� ð89Þ

where S0 is the action integral along the instanton path,

S1 ¼
ð0

�1
dt½TrðAðtÞ � AmÞ þ pTL� ð90Þ

�i ¼ qffiffiffi
g

p
qqj

ð ffiffiffi
g

p
gijÞ ð91Þ

where TrðAÞ � Ai
i ¼ gijAji. The symmetric matrix AðtÞ is the solution of of the

equation

_A ¼ �Hqq � HqpA � AHpq � AHppA ð92Þ

Note that there are removable singularities at both ends of the instanton path,

namely, at z ¼ 0 and z ¼ 1. Thus, in the practical numerical computations some

modifications to remove the singularities are necessary. The details are not given

here and the reader should refer to Ref. [30, 31]. Finally, the numerically stable

Figure 17. Iteration process of the calculation of instanton trajectory in the cubic potential for

N ¼ 2 and C2 ¼ 0:6 in Eq. (98). The parameter Niter is the number of iteration. Taken from Ref. [31].
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formula is obtained as follows from Eq.(89):

k ¼ oz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g0detAm

pgmdetA0

s
ð~pTg~pÞ0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð~pTA�1~pÞ0

q

� exp �S0 �
ð1

0

dz IðzÞ � d _z

_zdz
þ 1

z

� �� � ð93Þ

where

IðzÞ ¼ 1

_z
½TrðAðzÞ � AmÞ þ pTL� ð94Þ

~piðzÞ ¼ piðzÞ
_zðzÞ ð95Þ

_zðzÞ ¼ oz exp

ðz
0

dz
d _z

_zdz
� 1

z

� �� �
ð96Þ

oz ¼ _z

z
jz¼0 ð97Þ

In Eq.(94), everything is convergent.

Numerical calculations were carried out in order to test the whole numerical

algorithm and accuracy of the rate calculation. The potential system employed

is a nonlinearly transformed model of the separable case [31]. That is

VðxÞ ¼ mo2
0x

2
1

2
1 � x1

x0

� �
þ
XN
i¼2

mo2
i x

2
i

2
ð98Þ

where m is taken to be the mass of proton, o0 ¼ 650 cm�1, oi ¼ 1000 cm�1

ði ¼ 1; 2; � � � ;NÞ, x0 ¼ 1:5 a.u., and N represents the dimension of the system.

Since this is a separable system, the integrals can be performed analytically and

the the rate constant is given by [59]

k ¼ 4
o2

0x0m
p

exp½�S0� ð99Þ

with

S0 ¼ 8

15
mo0x

2
0 ð100Þ

Numerical calculations were performed after applying the following nonlinear

transformation,

qk ¼ Tk1x1 þ
XN
i¼2

Tkiðxi þ 1 þ x2
1Þ2

k ¼ 1; 2; � � � ;N ð101Þ

where T ¼ fTkig is an orthogonal matrix defined by

T ¼ T ð1NÞTð1ðN�1ÞÞ . . . T ð12Þ ð102Þ
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and T ð1jÞ is the matrix of rotation by angle g ¼ 0:1 in ðx1; xjÞ plane. The

calculations were carried out for N ¼ 2; 4; 10; 20. The accuracy was found to be

the same in all these cases. The number of basis functions used is Nb ¼ 10,

which is good enough to obtain the converged results in all cases, and the

number of iteration (Niter) is 17, when the straight line is used for the initial

guess of the instanton path. The final result of the rate in the present

semiclassical theory is k ¼ 3:611 � 10�5 in comparison with the analytical

answer k ¼ 3:608 � 10�5.

C. Tunneling in Reactions

As mentioned before, in order to take into account quantum mechanical

tunneling effects in the semiclassical methods, it is necessary to detect the

boundary between the classically accessible region and the classically forbidden

region. This is nothing but the well-known turning point in the ordinary 1D

problems and is called caustics in general multidimensional case. The caustics

are an envelope of the turning points of each classical trajectory and makes a

multidimensional surface. In this section, an efficient method to detect the

caustics is explained together with some numerical applications.

1. How to Detect Caustics

It is well known that in a 2N-dimensional phase space, N-dimensional Lagrange

manifold is generated by a continuous set of the map of coordinates and

momenta in time, namely, classical trajectories, fqðtÞ; pðtÞg. On projecting this

manifold onto the configuration space, some points show up as singularities,

namely, caustics. These singularities can be mathematically expressed in two

forms: either qqðtÞ=qqð0Þ ¼ 0 or qpðtÞ=qqðtÞ ¼ 1. This suggests two appro-

aches to determine the location of caustics. The first approach to propagate

qqðtÞ=qqð0Þ is based on the solution of a certain coupled linear differential

equations [105, 106]. This system of coupled equations can be reduced to a

second-order differential equation and in the long time propagation the solution

may become unstable due to exponentially growing and decreasing terms. The

second approach we have proposed is to propagate qpðtÞ=qqðtÞ, which is a

solution of the nonlinear Riccati-type differential equation [30]. The high degree

of numerical stability common to this type of differential equation makes this

approach particularly appealing. The solution diverges at the caustics that are an

intrinsic property of this solution. We have devised a method to avoid this

divergence and to efficiently detect caustics [29].

In a Lagrange manifold, the matrix

Aij ¼ qpiðtÞ
qqjðtÞ ði; jÞ ¼ 1; 2; � � � ;N ð103Þ
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satisfies, along the classical trajectory, the following Riccati-type differential

equation [30]

dA

dt
¼ �Hqq � HqpA� AHpq � AHppA ð104Þ

where Habða; b ¼ p; qÞ are the matrices of second dreivative of the

Hamiltonian taken along the classical trajectory, namely, q2H=qqqp, and so

on. During the propagation, the solution of Eq. (104) diverges at the caustics as

DetjAðtcausticsÞj ¼ 1 ð105Þ

Once this divergence happens, further solution of the differential equation is not

possible beyond this point, and we have to reformulate the problem. To clarify

our idea, let us consider the 1D problem. At the turning point, pðqÞ ¼ 0 and A

diverges. If we invert A to ~A ¼ qq=qp, the divergence is removed and the

propagation of ~A proceeds smoothly through the caustics. This inversion is

equivalent to the canonical transformation, ðp; qÞ ! ð�~q; ~pÞ. It can be easily

shown that Eq.(104) does not change under this transformation. In a general N-

dimensional case, it is recommended to invert only the diverging element(s)

selectively. If the diverging element is assumed to be ANN , the transformation

ðpN ; qNÞ ! ð�~qN ; ~pNÞ eliminates the divergence and mixes the coordinates and

momenta. The new matrix ~A formed becomes free of any diverging element and

its propagation proceeds smoothly.

In the general N � N matrix case, this procedure can be summarized as

follows: (1) Irrespective of the position of the diverging element, a simple

rotation ensures the repositioning of the diverging element as the ðN;NÞ
element. This rotation is a canonical transformation and can be achieved best by

using the orthogonal matrix, which diagonalizes the matrix A. Denoting this

diagonalizing matrix as S, the rotationally transformed matrix is obtained by

p0 ¼ Sp and q0 ¼ Sq ð106Þ
so that

A0 ¼ SAST ð107Þ
(2) By invoking the transformation ðp0N ; q0NÞ ! ð�~qN ; ~pNÞ, we obtain A0 ! ~A,

where

~pi ¼ p0i i ¼ 1; . . . ;N � 1 ð108Þ
~qi ¼ q0i; i ¼ 1; 2 . . . ;N � 1 ð109Þ
p0N ¼ �~qN and q0N ¼ ~pN ð110Þ
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The second derivative coefficients of the Hamiltonian in the new representation

are derived by rotating the old coefficients. For example,

ðH~q~qÞNN ¼ ðHppÞNN ð111Þ

The new matrix ~A satisfies Eq. (104) using the modified second derivatives as

coefficients. The propagation of the new matrix ~A runs smoothly through the

hitherto divergent region and the caustics can be accurately detected from the

solution of Eq. (104) in the new representation. Well beyond the point of

divergence, the inverse transformation is carried out in exactly reverse order to

revert to the matrix A and the original propagation is performed. In some cases, it

may happen that two or more eigenvalues of the matrix A almost simultaneouly

diverge around the same propagation time, especially when the multidimensional

potential has a deep well or the dynamics becomes chaotic. This requires

consecutive multiple canonical transformations in a short time step. Some care

should be taken not to miss this kind of closely occurring caustics by using small

time steps. Since the numerical procedure itself is quite stable, it is enough to use

small time steps in such a case.

2. Numerical Examples

a. Henon–Heiles System. To test the ideas presented above, we have applied

the method to a 2D Henon–Heiles Hamiltonian (in au)

H ¼ 1

2
ðp2

x þ p2
yÞ þ

1

2
ðx2 þ y2Þ þ ðx2y� 1

3
y3Þ ð112Þ

The classical trajectory was generated from the turning point ð~pð0Þ ¼ 0Þ, which

corresponds to the initial condition A�1 ¼ 0 for Eq. (104). After a short time

propagation of A�1, the further propagation is made with the matrix A. The actual

initial conditions for ðx; yÞ are x0 ¼ �0:43 with y0 ¼ �0:37;�0:39 and �0:41,

which correspond to the regular, partially chaotic and fully chaotic regimes,

respectively. The trajectories (lines) and caustics (crosses) are shown in

Figs. 18–20. In the case of regular regime (Fig. 18), the caustics clearly provide

the envelope of the family of trajectories. As the system becomes chaotic, the

caustics is no longer discernible with the tori partially (Fig. 19) or fully (Fig. 20)

destroyed. As can be seen in these figures, the present method works well in all

these cases.

b. Reaction Dynamics. The second example is a triatomic chemical reaction.

As was mentioned in Section II, in order to run tunneling trajectories in the

classically forbidden region, it is inevitable to detect efficiently the caustics along

each trajectory in the classically allowed region. We have employed the ground
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adiabatic potential energy surface obtained from the DIM matrix mimicking the

CH2 molecule [51]. The DIM potential matrix is given by

V ¼
G1 ðg3 � h3Þ=2 ðg2 � h2Þ=2

ðg3 � h3Þ=2 G2 ðg1 � h1Þ=2

ðg2 � h2Þ=2 ðg1 � h1Þ=2 G3

0
@

1
A ð113Þ
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Figure 19. The same as in Fig. 18 for the initial condition: x0 ¼ �0:43 and y0 ¼ �0:39. Partial

destruction of regular caustics is seen. Taken from Ref. [29].

Figure 18. Trajectories in the Henon–Heiles potential for the initial condition: x0 ¼ �0:43 and

y0 ¼ �0:37. The marks (*) indicate the location of caustics. Taken from Ref. [29].
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where Gi ¼ gi þ ðgj þ gk þ hi þ hkÞ=2ði ¼ 1; 2; 3; j; k 6¼ iÞ, and ðh1; h2; h3Þ and

ðg1; g2; g3Þ represnt the ground and excited states of H2, CHa, and CHb,

respectively. The functional forms of them are given by

h1ðrÞ ¼ �Dh½1 þ a1ðr � rH2
Þ þ a2ðr � rH2

Þ2

þ a3ðr � rH2
Þ3� exp½�a4ðr � rH2

Þ� ð114Þ

g1ðrÞ ¼ Dg½1 þ b1r þ b2r
2� exp½�br� ð115Þ

h2;3ðrÞ ¼ Bh½exp½�ghðr � rCHÞ� � 2� exp½�ghðr � rCHÞ� ð116Þ

g2;3ðrÞ ¼ Bg½exp½�ggðr � rCHÞ� � 2� exp½�ggðr � rCHÞ� ð117Þ

where the parameters rCH, rH2
are 2 and 1.401 a.u., ai ¼ 2:1977034;

1:2932502; 0:64375666; 2:835071ði ¼ 1 � 4Þ, bi ¼ �1:3874149; 0:9098728;
2:181301ði ¼ 1 � 3Þ, Dj ¼ 0:15796326; 4:502447ðj ¼ h; jÞ, Bj ¼ 0:13; 0:10

ðj ¼ h; gÞ, and gj ¼ 1:3; 1:5ðj ¼ h; gÞ. The total angular mometum J is taken

to be zero, the collision energy and the initial rovibrational states are assumed

to be 1.2 eV and ðv ¼ 0; j ¼ 0Þ. Note that this potential energy surface has an

attractive deep well of depth �2:3 eV. Thus many trajectories are trapped in

the well region for long time. The four coordinates to describe the triatomic

system with J ¼ 0 are denoted as X; Y ; x, and y. The initail condition for the

matrix A is derived from the energy and momentum conservations. Differ-

entiating each of these conservation equations partially with respect to the
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Figure 20. The same as Fig. 18 for the initial condtion: x0 ¼ �0:43 and y0 ¼ �0:41. Total

destruction of regular caustics is seen. Taken from Ref. [29].
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four coordinates, we can obtain the analytical expressions for the Jacobian

matrix DðPX;PY ; px; pyÞ=DðX; Y ; x; yÞ in the asymptotic region. The initial

condition so obtained is

A ¼ AA 0

0 aa

� �
ð118Þ

where

AA ¼ 1

PXX þ PYY

P2
Y �PXPY

�PXPY P2
X

� �
ð119Þ

and

aa ¼ 1

pxx þ pyy

�mx qv
qx þ p2

y �mx qV
qy � pxpy

�my qV
qx � pxpy �my qV

qy þ p2
x

 !
ð120Þ

An example of a family of classical trajectories together with the caustics are

shown in Fig. 21. The caustics in the asymptotic region appear periodically as

turning points of the vibrational motion. In the rearrangement region, the

trajectories are no more periodic and the caustics appear rather randomly. As is

seen, the present method is demonstrated to work well.

Figure 22 shows an application of the present method to the H3 reaction

system and the thermal rate constant is calculated. The final result with

tunneling effects included agree well with the quantum mechanical transition

state theory calculations, although the latter is not shown here.
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Figure 21. Family of reactive trajectories in the ground adiabatic potential energy surface

determined by Eq. (13). Crosses indicate the caustics. Taken from Ref. [29].

nonadiabatic chemical dynamics 143



IV. ELECTRON TRANSFER: IMPROVEMENT

OF THE MARCUS THEORY

The electron-transfer reaction from donor to acceptor molecule plays a

fundamental role in chemical and biological systems and numerous theo-

retical works have been done since the pioneering work by Marcus (see, e.g.,

[107–109]). This is nothing but a nonadiabatic process due to the potential

energy surface crossing and thus is a good target for the ZN theory to be

applied. For the nonadiabatic transition, the simple perturbation theory or the

LZ formula has been employed in most of the theoretical works. In this

sense, the ZN formulas can be usefully utilized in order to improve the theory

to cover from the intermediate to strong electronic coupling regime. Besides,

one can treat the classically forbidden transitions that cannot be dealt with by

the above two methods except for perturabtion theory in the weak coupling

regime. In many cases, the nonadiabatic transition and the nuclear tunneling

are treated separately. As the ZN formulas in the NT case clearly indicate, this

is not allowed, that is, both processes are coupled and cannot be separated

unless the energy is very low compared to the barrier top of the lower

adiabatic potential.

The nonadiabatic transition state theory given in the Section II.C, namely,

Eq. (17), can be applied to the electron-transfer problem [28]. Since the electron

transfer theory should be formulated in the free energy space, we introduce the

Figure 22. Thermal reaction rate constant of H3. Solid line-without tunneling. Dotted line-with

tunneling. Taken from Ref. [9].
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free energy profile FðxÞ as

exp½�bFðxÞ� ¼
ð
dQ exp½�bVðQÞ�jrðSðQÞÞdðSðQÞ � xÞ ð121Þ

Then the rate constant k can be rewitten as

k ¼ ðZq
r Þ�1

ffiffiffiffiffiffiffiffi
1

2pb

s ð
dxdðx� x0Þ exp½�bFðxÞ��Pðb; xÞ ð122Þ

The average transition probability �Pðb; xÞ is defined by

�Pðb; xÞ ¼
Ð
dQ exp½�bV1ðQÞ�jrSðQÞjdðx� SðQÞÞPðb;QÞÐ

dQ exp½�bV1ðQÞ�jrSðQÞjdðx� SðQÞÞ ð123Þ

where the transition probability Pðb;QÞ at a give temperature and at the position

Q on the seam surface is given by Eq. (18). The crossing seam surface x0 ¼ SðQÞ
of the potentials of donor and acceptor is taken to be the nonadiabatic transition

state. It can be shown that Eqs. (122) and (123) are essentially the same as those

in Ref. [110], when the 1D reaction coordinate is assumed and the nuclear

tunneling effect is neglected. In our treatment,the multidimensionality is taken

into account and the instantaneous normal mode analysis is made at the transition

point to determine the normal direction to the seam, that is, the reaction

coordinate. In this way, the reaction coordinate has the maximum mean free path

and thus the theory is supposed to be applicable in a wide range of friction.

In order to find the relation between Eq. (122) and the Marcus theory, we

employ the linear response approximation. In this case, the free energies

FjðxÞðj ¼ 1; 2Þ for the donor and acceptor become a parabolic function of x as

F1ðxÞ ¼ � 1

b
ln

ð
dQ exp½�bV1ðQÞ�jrSðQÞjdðx� SðQÞÞ

� �

¼ 1

2
o2ðx� x01Þ2 ð124Þ

and

F2ðxÞ ¼ � 1

b
ln

ð
dQ exp½�bV2ðQÞ�jrSðQÞjdðx� SðQÞÞ

� �

¼ 1

2
o2ðx� x02Þ2 þ�G ð125Þ

where x0iði ¼ 1; 2Þ are the positions of donor and acceptor free energy minima,

respectively, and �G represents the exothermicity of the reaction that is

determined by setting x ¼ x02 in Eq. (125).

Then, finally we can have

k ¼ kkMarcus ð126Þ
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with

k ¼ �ho
2pH2

AD

ffiffiffiffiffiffi
l
pb

s
�Pðb; x0Þ ð127Þ

where kMarcus is the Marcus formula defined by

kMarcus ¼ H2
AD

�h

ffiffiffiffiffiffi
pb
l

r
exp ��bðlþ�GÞ2

4l

" #
ð128Þ

and HAD is the electronic coupling between acceptor and donor (AD). The

reorganization energy l is defined by

l ¼ 1

2
o2ðx02 � x01Þ2 ð129Þ

The factor k takes into acount the effects of nonadiabatic transition and tunneling

properly. Also note that the electronic coupling HAD is assumed to be constant in

the Marcus formula, but this is not necessary in the present formulation. The

coupling HAD cancels out in k of Eq. (126) and the ZN probability can be

calculated from the information of adiabatic potentials.

The present formula Eq. (126) is tested in comparison with the Bixon–Jortner

perturbation theory in the weak electronic coupling regime [109]. The

Arrhenius plot is shown in Fig. 23, where the electronic coupling HAD is taken
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Figure 23. Arrhenius plot of the electron transfer rate. The electronic coupling strength is

HAD ¼ 0:0001 a:u: Solid line-Bixon–Jortner perturbation theory Ref. [109]. Full-circle:present

results of Eq. (26}). Dashed line-results of Marcus’s high temperature theory [Eq.(129)]. Taken from

Ref. [28].
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to be 0.0001 a.u. and the results of the Marcus high temperature theory is also

presented. It is clearly seen that the present formula is accurate enough and thus

expected to be applicable at stronger couplings. The model used is the

symmetric ð�G ¼ 0Þ 12-dimensional harmonic oscillators, the parameters of

which are given in [28]. Figure 24 shows the rate against the coupling strength

at T ¼ 500 K in comparison with the Bixon–Jortner and the Marcus high

temperature theories. The latter two naturally do not work well when the

electronic coupling increases. The square in the figure shows the present results

in the framework of the (minimum energy crossing point MECP) approximation

in which this crossing point is taken to be the representative point of hopping.

This seems to work well, but this is simply because the electronic coupling is

assumed to be constant here. In general, it is important to take into account the

whole geometry of crossing seam surface.

One might think that the present model is rather special, since the potentials

used are symmetric. This is not the case, however, since the ZN theory holds

irrespective of the potential symmetry. Figure 25 shows the results of numerical

applications to an asymmetric case [28]. This is the thermal electron-transfer

rate constant at T ¼ 500 K for the system of 12 harmonic oscillators with

�G ¼ �2247 cm�1. The potential parameters are given in [28]. The following

three interesting features should be noted: (1) The perturabtion theory (Bixon–

Jortner theory [109]) starts to break down with increasing the coupling strength

as is seen from the comparison between the solid and the dotted lines. (2) The
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Figure 24. Electron-transfer rate versus electronic coupling strength. The temperature is

T ¼ 500 K. Solid line with circle-present results from Eq. (126) with the transition probability

averaged over the seam surface. Solid line with square-present results with the transition probability

taken at the minimum energy crossing point (MECP). Dashed line-Bixon–Jortner theory Ref. [109].

Dotted line-Marcus’s high temperature theory. Taken from Ref. [28].
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effective 1D model (filled dots) with use of the effective one frequency based on

the Dogonadze model [111] works well in the relatively weak coupling regime,

although the model does not work well in the strong coupling regime (not

shown here). (3) The good agreement between the filled dots and the dash line

confirms the accuracy of the present theory [Eq. (126)] with use of the ZN

formulas. The 1D exact results (filled dots) have been calculated by using the

flux–flux correlation function method.

The present approach has been applied to the experiment done by Nelsen

et al., [112], which is a measurement of the intramolecular electron transfer of

2,7-dinitronaphthalene in three kinds of solvents. Since the solvent dynamics

effect is supposed to be unimportant in these cases, we can use the present

theory within the effective 1D model approach. The basic parameters are taken

from the above reference except for the effective frequency. The results are

shown in Fig. 26, which shows an excellent agreement with the experiment.

The electronic coupling is quite strong and the perturbative treatment cannot

work. The effective frequencies used are 1200, 950, and 800 cm�1 for CH3CN,

dimethylformamide (DMF), and PrCN [113].

The electron transfer discussed above corresponds to the so-called normal

case in which the NT type of nonadiabatic transition plays the essential role.

There is another important case called inverted case, in which the LZ type of

nonadiabatic transition plays a role. Since the ZN theory can describe this type

of transition also, the corresponding electron-transfer theory can be formulated

[114]. On the other hand, the realistic electron transfer occurs in solution and
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Figure 25. Electron-transfer rate the electronic coupling strength at T ¼ 500 K for the

asymmetric reaction ð�G ¼ �3o2;o2 ¼ 749 cm�1Þ. Solid line-present full dimensional results with

use of the ZN formulas. Dotted line-full dimensional results obtained from the Bixon–Jortner

formula. Filled dotts-effective 1D results of the quantum mechanical flux–flux correlation function.

Dashed line-effective 1D results with use of the ZN formulas. Taken from Ref. [28].
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the solvent dynamics effects are known to play crucial roles in many cases.

Incorporation of the ZN formulas into this case presents an important and

intriguing study in the future.

V. CONTROL OF CHEMICAL DYNAMICS

BY EXTERNAL FIELDS

Controlling chemical dynamics as we wish has been a dream of chemists for a

long time. Thanks to the remarkable progress of laser technology, this is not just

an unrealizable dream anymore. Once the mechanisms of chemical dynamics are

understood to a good extent, then we can think of controlling them by using

external fields. Catalytic reactions in organic chemistry are an example of

reaction control, but external fields can be a kind of new catalysis and open a new

dimension for reaction control. Although photochemistry has a long history, the

technological developments of high power lasers have created various new

possibilities in the field. New theoretical and experimental methods, such as the

coherent control, the OCT, and the experiment with use of the genetic algorithm

have been developed [33, 34, 115]. From the viewpoint of theoretical

development, the OCT is a powerful method, being applicable virtually to any

types of dynamical processes. The quantum mechanical version of that is,

however, unfortunately not feasible for systems of more than three degrees of

freedom. It is definitely desirable to develop such methods and/or theories that

Figure 26. Electron-transfer rates for 2,7-dinitronaphthalene as a function of temperature for

three solvents. Symbols are the experimental results by Nelsen et al. [112]. Lines are the present

theoreical results. Solid line and square CH3CN. Dot–dash line and *: PrCN. Dashed line and circle:

N, N-dimethylforamide (DMF). Taken from Ref. [113].
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can be applied to realistic large systems and at the same time can be useful to

comprehend the mechanisms. By doing that, the efficiency of control can also be

enhanced. There are two basic elements in chemical dynamics and we try to

develop new methods that are efficient for controlling them. They are (1)

electronic transition of wavepacket between two adiabatic potential energy

surfaces and (2) motion of wavepacket on a single adiabatic potential energy

surface. For (1), we proposed the method of periodic chirping of laser frequency

that is discussed in the next Section V.A. For (2) a new semiclassical guided

optimal control theory applicable to multidimensional realistic systems has

been formulated and is discussed in Section V.A.1. In addition to these ideas, it

would also be nice to use any peculiar intriguing phenomena, if any. The

complete reflection phenomenon can be such an example and will be discussed

in Section V.C.

A. Periodic Chirping

By introducing the Floquet (or dressed) state formalism [116], various dynamic

processes in periodic external fields can be regarded as a sequence of

nonadiabatic transitions among the adiabatic dressed states. Energy levels and

potential curves are shifted up and down by the amount of photon energy and

thus potential curve crossings are created. The key idea of the present periodic

chirping method is to create curve crossings and to directly control the

nonadiabatic transitions by using the interference effects. This makes the

essential difference from the various methods based on the linear chirping and

the adiabatic rapid passage [33]. The nonadiabatic transitions in this context are

the time-dependent ones and the time-dependent version of the ZN theory is

usefully utilized.

1. Selective and Complete Excitation of Energy Levels

First, our general theory of periodic chirping is explained [36]. In the case of two-

level problem, the energy levels vary as a function of the time-dependent field

parameter F, laser frequency, for example, and the curve crossing is created, as

shown in Fig. 27. If the field–matter interaction is taken into account and is

diagonalized, the adiabatic states (solid lines) depict the avoided crossing. When

the field FðtÞ is swept as a function of time, the nonadiabatic transitions are

induced at this avoided crossing. The transition matrix Ta!b that describes the

transition from Fa to Fb(see Fig. 27) is given by

Ta!b ¼
ffiffiffiffiffiffiffiffiffiffiffi
1 � p

p
exp½iðfþs1=2þ s2=2Þ� ffiffiffi

p
p

exp½iðs0 � s1=2þs2=2Þ�
� ffiffiffi

p
p

exp½�iðs0�s1=2 þ s2=2Þ� ffiffiffiffiffiffiffiffiffiffiffi
1 � p

p
exp½�iðfþs1=2 þ s2=2Þ�

0
@

1
A

ð130Þ
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where p is the nonadiabtic transition probability by one passage of the crossing

point Fx. The various phases are defined as

s0 ¼ Re

ðF�

Fx

�EðFÞdt
� �

¼ Re

ðt�
tx

�EðtÞdt
� �

ð131Þ

s1 ¼
ðtx
ta

�EðtÞdt ð132Þ

s2 ¼
ðtb
tx

�EðtÞdt ð133Þ

f ¼ � d
p
þ d
p

ln
d
p

� �
� arg�

d
p

� �
� p

4
ð134Þ

where �EðFÞ is the adiabatic energy difference at the field strength F, the time

tgðg ¼ a; b; x; �Þ is the time at which FðtgÞ ¼ Fg is satisfied, and F� is the

complex solution of �EðF�Þ ¼ 0. The phase s0 can be rewritten as the real part

of the following complex integral based on the time-dependent quadratic

potential model:

s0 þ d ¼ 1

2
ffiffiffi
a

p
ði
�b

1 þ �2

� þ b

� �1=2

d� ð135Þ

Figure 27. Schematic two diabatic (dotted lines) and two adiabatic (solid lines) potentials in an

external field. The external field parameter F oscillates between Fa and Fb, striding the avoided

crossing point Fx. s1 and s2 represent the phases that can be controlled by changing Fa and Fb.

Taken from Ref. [36].
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where a and b are the same as a2 and b2 in the time-independent ZN theory of

nonadiabatic transition (see the appendix).

Now we try to control the transition by sweeping the field parameter F as a

function of time striding the avoided crossing position Fx. First, let us consider n

periods of oscillation between Fa and Fb. The final overall transition amplitude

Tn is given by

Tn ¼ Tn ¼ ðTt
a!bTa!bÞn ð136Þ

where Tt is the transpose of T . Roughly speaking, the transition probability p, the

Stokes phase f, and the phsae s0 are dependent on the local functionality of the

adiabatic potentials around the crossing point and the sweeping speed dF=dt of

the external field. The phase factors s1 and s2, on the other hand, depend on the

global functionality of the adiabatic potentials in the range ðFa;FbÞ. We want to

find appropriate parameters that satisfy

P
ðnÞ
12 ¼ jðTnÞ12j2 ¼ 0 or 1 ð137Þ

Using the Lagrange–Sylvester formula, we obtain

Tn ¼ Tn ¼ lþl�ðln�1
� � ln�1

þ Þ
lþ � l�

E þ lnþ � ln�
lþ � l�

T ð138Þ

where E is the unit matrix and l	 are the eigenvalues of T , which are defined as

l	 ¼ exp½	ix� ð139Þ
with

cos x ¼ ð1 � pÞ cosð2c� sÞ þ p cosðsÞ ð140Þ

where

c ¼ fþ s0 þ s1 ð141Þ
s ¼ 2s0 þ s1 � s2 ð142Þ

The unitarity of T requires x to be real, and thus the probability p should satisfy

1 � j cos xj
2

� p � 1 þ j cos xj
2

ð143Þ

Then, Eq. (137), leads to

P
ðnÞ
12 ¼ 4

sin2ðnxÞ
sin2 x

pð1 � pÞ sin2 c ¼ 0 ð144Þ
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or

P
ðnÞ
12 ¼ 4

sin2ðnxÞ
sin2 x

pð1 � pÞ sin2 c ¼ 1 ð145Þ

In the case of Eq. (144), we simply have the condition sinðnxÞ ¼ 0 or sinc ¼ 0.

On the other hand, Eq. (145) is equivalent to P
ð2nÞ
12 ¼ 0 and thus provides the

following two consitions:

sinð2nxÞ ¼ 0 namely sin2ðnxÞ ¼ 1 ð146Þ

and

4pð1 � pÞ sin2 c ¼ sin2 x ð147Þ

Equation (146) determines x for a given n and Eq. (147) gives a condition for p

and c for a given x. The phase s can be determined from Eq. (140). The phases c
and s can be adjusted by changing s1 and s2, respectively.

In the case of n and half periods of oscillation of the field, the following

condition should first be satisfied

sin2½ð2nþ 1Þx� ¼ 0 ð148Þ

The additional conditions are obtained as follows:

P
ðnþ1=2Þ
12 ¼ 0 ! 4ð1 � pÞ sin2ðc� sÞ ¼ sin2 x

sin2ðnxÞ ð149Þ

and

P
ðnþ1=2Þ
12 ¼ 1 ! 4p sin2ðc� sÞ ¼ sin2 x

sin2ðnxÞ ð150Þ

The above set of conditions are complete in the sense that a transition from any

initial state to any final state can be controlled perfectly. This idea can also be

applied to multilevel problems. In the practical applications, the quadratic

chirping, that is, one-period oscillation, is quite useful, as demonstrated by

numerical applications given below.

First, let us consider a selective and complete excitation in a three-level

problem by quadratically chirping the laser frequency as shown in Fig. 28 [42]

(the field parameter F is the laser frequency o). The energy separation o23
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between the two excited states is assumed to be much smaller than the

separation between the ground state and the level j2 > or j3 >, namely,

o12 � o23, where oij ¼ ðEj � EiÞ=�h. Since the applied laser frequency o is

close to o12, the transition between the states j2 > and j3 > are negligible and

the Floquet Hamiltonian is expressed as

HFloquet ¼
E1 þ �hoðtÞ �m12EðtÞ=2 �m13EðtÞ=2

�m12EðtÞ=2 E2 0

�m13EðtÞ=2 0 E3

0
B@

1
CA ð151Þ

Figure 28. (a) Schematic level structure of a three-level model. (b) Floquet diagram of the three-

level model shown in (a) as a function of laser frequency. Taken from Ref. [42].

154 hiroki nakamura



where mij is the transition dipole moment between ji > and jj > and EðtÞ is an

envelope function of the laser field. When the laser frequency is swept from o1 to

o2, the excitation process is divided into two parts: adiabatic propagation along

the adiabatic Floquet states and nonadiabatic transitions at the avoided crossings

X1 and X2. The transition matrix corresponding to the half period of frequency

sweeping o1 ! o2 is gven by

To1!o2
¼ �3I2�2I1�1 ð152Þ

where �j represents the adiabatic propagation from Xj�1 to Xj, and Ij represents

the nonadiabatic transition at the crossing Xj. They are explicitly given by

ð�jÞpq ¼ exp½�isðpÞ
j �dpq ð153Þ

sðkÞ
j ¼ 1

�h

ðXj

Xj�i

E
ðadÞ
k ðoÞdt ð154Þ

I1 ¼

ffiffiffi
1

p � p1 exp½if1� ffiffiffiffiffi
p1

p
exp½ic1� 0

� ffiffiffiffiffi
p1

p
exp½�ic1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � p1

p
exp½�if1� 0

0 0 1

0
BB@

1
CCA ð155Þ

I2 ¼
1 0 0

0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � p2

p
exp½if2� ffiffiffiffiffi

p2
p

exp½ic2�
0 � ffiffiffiffiffi

p2
p

exp½�ic2�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � p2

p
exp½�if2�

0
B@

1
CA ð156Þ

Here, pj denotes the nonadiabatic transition probability for one passage of the

avoided crossing Xj, fj and cj are the dynamical phases due to the nonadiabatic

transition at Xj, E
ðadÞ
k is the kth adiabatic Floquet state, X0 ¼ o1 and X3 ¼ o2. The

transition amplitude Eq. (152) can be explicitly expressed as

To1!o2
¼ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � p1

p ffiffiffiffiffi
p1

p
e�iA 0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p1ð1 � p2Þ

p
e�iC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 � p1Þð1 � p2Þ
p

e�iðAþCÞ ffiffiffiffiffi
p2

p
e�iðAþCþDÞ

ffiffiffiffiffiffiffiffiffi
p1p2

p
e�iðBþCÞ � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 � p1Þp2

p
e�iðAþBþCÞ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � p2

p
e�iðAþBþCþDÞ

0
BB@

1
CCA

ð157Þ
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where

A ¼ f1 � c1 þ�sð2;1Þ
1 ð158Þ

B ¼ f2 þ c2 þ�sð3;2Þ
3 ð159Þ

C ¼ f1 þ c1 � f2 þ�sð2;1Þ
2 þ�sð2;1Þ

3 ð160Þ

D ¼ �f1 þ f2 � c2 þ�sð3;2Þ
1 þ�sð3;2Þ

2 ð161Þ

�sðk;lÞ
j ¼ sðkÞ

j � sðlÞ
j ð162Þ

These phases roughly correspond to the areas shown in Fig. 28(b). The overall

transition matrix T ðn¼1Þ for one period of oscillation is given by

T ðn¼1Þ ¼ ðTo1!o2
ÞtTo1!o2

ð163Þ

and the transition probability from j1 > to j2 > is explicitly given by

P
ðn¼1Þ
12 ¼ jðT ðn¼1ÞÞ21j2 ¼ p1ð1 � p1Þj exp½2iC� � 1 þ p2ð1 � exp½�2iB�Þj2

ð164Þ
The condition of the complete excitation to j2 > ðPðn¼1Þ

12 ¼ 1Þ is expressed as

p1 ¼ 1=2; B ¼ mp and C ¼ ðnþ 1=2Þp ðm; n ¼ integerÞ ð165Þ

The physical meaning of B ¼ mp is that no bifurcation into the diabatic state

j3 > occurs at X2 on the second half of the sweep whatever the probability p2 is.

The conditions of p1 and C guarantee that the interference between j1 > and

j2 > at X1 on the way back leads to the complete excitation to j2 > . The

complete excitation to j3 > can be achieved by one period of sweeping, if we

start from o2. The condition is given by

p2 ¼ 1=2; A ¼ mp and D ¼ ðnþ 1=2Þp ðm; n ¼ integerÞ ð166Þ

Numerical examples are shown in Figs. 29–31. The parameters used are

o12 ¼ 500 cm�1;o23 ¼ 10 cm�1; m12 ¼ m13 ¼ 1:0 a:u: ð167Þ

The laser frequency is swept quadratically as a function of time as

oðtÞ ¼ �aðt � t0Þ2 þ b� E1 ð168Þ
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where

a ¼ 8ðV13Þ3af =�h2; b ¼ E3 � 2V13bf ; V13 ¼ �m13E0=2 ð169Þ

with E0 being the amplitude at the pulse peak. The laser pulse shape is taken as

EðtÞ ¼ E0½1 þ tanhðbeðt � t0eÞÞ�=2 for t � t0

E0½1 � tanhðbeðt � t1eÞÞ�=2 for t > t0

�
ð170Þ

The parameters af , bf , and the peak intensity are determined to be 0.6005,

1.58142, and 0:1 GW cm�2 from the conditions given above and the ZN

formulas. The other parameters of laser field are t0 ¼ 3:5 ps, t0e ¼ 1:7775 ps,
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Figure 29. Complete excitation from j1 > to j2 > by one period of frequency chirping in the

case of the three-level model. Upper part-time variation of the population. Middle part-time variation

of laser frequency. Bottom part-envelope of the laser pulse. Taken from Ref. [42].
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t1e ¼ 2t0 � t0e, and be ¼ 6:515 ps�1. As seen from Fig. 29, the transition time

is � 3 ps, which is very close to the time �t ¼ 2p=�E 
 3:3 ps determined

from the uncertainty principle. Thus the present scheme gives the shortest

possible time of transition. Figure 30 shows the excitation by using the

conventional ARP (adiabatic rapid passage) method. The laser frequency is

linearly chirped, oðtÞ ¼ o12 þ cðt � 20 psÞ. The chirp rate c and the laser

intensity are determined to be 8:816 cm�1 ps�1 and 0:1 GW cm�2 so that the

excitation probability becomes 0.99. Selective excitation is possible, but it

takes quite a long time (� 20 ps) and complete excitation is not possible. The

case of p-pulse is shown in Fig. 31. The pulse shape is hyperbolic-secant

¼ EðtÞ ¼ E0sech½beðt � t0Þ�. The parameters are t0 ¼ 10 ps, the peak intensity
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Figure 30. Selective excitation from j1 > to j2 > by the adiabatic rapid passage (ARP) in the

case of three-level model. Upper part time variation of the population. Middle part-time variation of

laser frequency. Bottom part-envelope of the laser pulse. Taken from Ref. [42].
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is 0:05 GW cm�2, and be ¼ 1:56022 ps�1. These are determined so that the

transition time is comparable to the case of one-period sweeping (� 3 ps). As

is clearly seen, the complete excitation is not possible.

Next, let us consider a four-level problem and try to excite the middle

level j3 > among the three excited states (see Fig. 32). The laser pulse is the

same as Eq. (170) with t0e ¼ 981:2 fs and be ¼ 4:257 ps�1. The system

parameters are

o12 ¼ 500 cm�1 o23 ¼ 10 cm�1 o34 ¼ 10 cm�1

mijðij ¼ 12; 13; 14Þ ¼ 1:0 a:u: ð171Þ
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Figure 31. Excitation from j1 > to j2 > by p-pulse with a short time duration. (a) Part-time

variation of the population. (b) Part-time variation of laser frequency. (c) Part-envelope of the laser

pulse. Taken from Ref. [42].
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The laser frequency is a combination of three linear chirping:

oðtÞ ¼ o14 þ cðt � t0Þ for ðt � t1Þ
¼ o14 � cðt � t2Þ for ðt1 < t � t3Þ
¼ o14 þ cðt � t4Þ for ðt > t3Þ ð172Þ

where t1 ¼ t0 þ�t1; t2 ¼ t0 þ 2�t1; t3 ¼ t2 þ o24=cþ�t2; t4 ¼ 2t3 � t2; c ¼
346:6 cm�1 ps�1;�t1 ¼ 726:3 fs;�t2 ¼ 90:08 fs, and the peak intensity is

0:5917 GW cm�2. The results are shown in Fig. 33. The transition time is

�3:0 ps and is close to the limit of the uncertainty principle. The excitation by

p� pulse and by ARP take one order of magnitude longer time compared to the

present periodic chirping method. The numerical results are not shown here.

Please refer to Ref. [42].

In the above numerical examples the field parameter F is taken to be the laser

frequency and the nonadiabatic transition used is the Landau–Zener type of

curve-crossing. The periodic chirping method, however, can actually be more

Figure 32. (a) Schematic level structure of a four-level model. (b) Floquet diagram of the four-

level model as a function of laser frequency. Taken from Ref. [42].

160 hiroki nakamura



general [43]. First of all, the external field is not necessarily laser field, but can

be any other field such as magnetic field or electric field [36]. The field

parameter F can also be other than field frequency, such as the field strength.

Other types of nonadiabatic transitions can also be utilized, such as the Rosen–

Zener type and the exponential potential model, although the Landau–Zener-

type curve crossing transition is probably most efficient. These examples can be

found in Refs. [1, 36, 43].

2. Electronic Transition of Wave Packet

In order to control chemical dynamics, it is crucial to control wave packet

motions. Here we consider efficient electronic excitation of wave packet by

ultrashort broadband laser pulses, which has fundamental importance in
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Figure 33. Complete excitation from j1 > to j3 > by one and a half period of frequency

chirping in the case of four-level model. (a) Patart-time variation of the population. (b) Part-time

variataion of laser frequency. (c) Part-envelope of the laser pulse. Taken from Ref. [42].
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chemical dynamics. The quadratic chirping method formulated in Section V.A.1

is demonstrated to be effective and useful for that also [37]. Although it is

possible to use two linearly chirped pulses to control wave packet dynamics [42],

it is more efficient to use quadratically chirped pulses. Here we assume that the

nuclear configuration does not change during the electronic transition and regard

the system as a coordinate-dependent energy level problem with the effect of the

kinetic energy operator taken into account as a perturbation. Then tha laser

parametrs can be designed again analytically from the ZN theory. The present

approach can be used not only for ordinary electronic excitation but also for

many other parocesses such as the pump–dump method and selective bond

breaking. The efficiency can be up to � 80% for a relatively weak laser intensity.

The total excitation probability from the ground state is approximated as

P ¼
ð
P12ðxÞj�gðx; t ¼ 0Þj2dx ð173Þ

where �gðx; t ¼ 0Þ is the initial wave packet and the nonadiabatic transition

probability P12ðxÞ is calculated from the corresponding two-level problem that

depends on x parametrically. By taking into account the kinetic energy operator

as a perturbation, the Floquet Hamiltonian is given by [37, 39]

H0 ¼ 1

2

�hoðtÞ � ~�ðxÞ � mEðtÞ
�mEðtÞ ~�ðxÞ � �hoðtÞ

� �
ð174Þ

where

~�ðxÞ ¼ �ðxÞ þ�t~v � r�ðxÞ ð175Þ
with

�ðxÞ ¼ VeðxÞ � VgðxÞ ð176Þ

where VjðXÞðj ¼ e; gÞ are the ground- and excited-state-potentials,~v is the mean

velocity of the wave packet, m is the transition dipole moment, E is the laser pulse

envelope, and �t is the time delay measured from the pulse center (see the

appendix of Ref. [37]). In the case of quadratically chirped pulse the time-

dependent laser frequency satisfies the resonance condition twice and the nearly

complete excitation can be achieved by the constructive interference. The

nonadiabatic transition probability P12ðxÞ is expressed as usual from the ZN

theory as

P12ðxÞ ¼ 4pZNð1 � pZNÞ sin2 �ZN ð177Þ
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with

pZN ¼ exp � p
4
ffiffiffiffiffiffi
ab

p 2

1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ b�2ð0:4aþ 0:7Þ

q
0
B@

1
CA

1=22
64

3
75 ð178Þ

�ZN ¼ sZN þ fS ð179Þ

fS ¼ � dZN

p
þ dZN

p
ln

dZN

p

� �
� arg�

dZN

p

� �
� p

4
ð180Þ

sZN þ idZN ¼ 1

2
ffiffiffi
a

p
ði
�b

1 þ �2

� þ b

� �1=2

d� ð181Þ

where the two basic parameters of the nonadiabatic transition, a and b, are

defined as

a ¼ �hao
ðmEÞ3

ð182Þ

and

b ¼ �ðxÞ � �hbo þ ð~v�r�Þ2

4�hao

mE
ð183Þ

The parameters ao and bo are the chirping rate and the carrier frequency, namely,

the laser frequency is chirped quadratically as

oðtÞ ¼ aoðt � tpÞ2 þ bo ð184Þ
The laser parameters should be chosen so that a and b can make the

nonadiabatic transition probability P as close to unity as possible. Figure 34

depicts the probability P12 as a function of a and b. There are some areas in

which the probabilty is larger than 0.9, such as those around

ða ¼ 1:20; b ¼ 0:85Þ; ða ¼ 0:53; b ¼ 2:40Þ; ða ¼ 0:38; b ¼ 3:31Þ, and so on.

Due to the coordinate dependence of the potential difference �ðxÞ and the

transition dipole moment mðxÞ, it is generally impossible to achieve perfect

excitation of the wave packet by a single quadratically chirped laser pulse.

However, a very high efficiency of the population transfer is possible without

significant deformation of the shape of the wave packet, if we locate the wave

packet parameters inside one of these islands. The biggest, thus the most useful

island, is around a ¼ 1:20; b ¼ 0:85. The transition probability P12 is > 0:9, if
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a 2 ð0:62; 2:21Þ and b 2 ð0:45; 1:30Þ. Thus the condition for the ‘‘nearly

complete’’ excitation is expressed as

0:70<� a<� 2:0 ð185Þ

and

0:50<� b<� 1:20 ð186Þ

If the potential difference �ðxÞ can be approximated by a linear function of x

within the range of the wave packet, the range of the parameter b is estimated as

bðx0Þ � sxxjr�j
mE

<� b<� bðx0Þ þ sxxjr�j
mE

ð187Þ

where x0 is the center of the wave packet and sxx is the variance of the wave

packet in the coordinate space. If we take bðx0Þ � 0:85, we have

mE>� 2:86sxxj�j ð188Þ
The single inequality is used, simply because we want to reduce the necessary

laser intensity as much as possible. Equation (188) now provides the ‘‘nearly

complete’’ excitation condition.

The following three numerical applications are shown below [37]: (1)

electronic excitation of a wave packet from a nonequilibrium displaced position,

Figure 34. Contour map of the nonadiabatic transition probability P12 induced by a

quadratically chirped pulse as a function of the two basic parameters a and b. Taken from Ref. [37].
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(2) creation of a localized wave packet on the ground potential energy surface

by the quadratically chirped pump–dump method, and (3) selective bond

breaking of a triatomic molecule. The envelope of the laser pulse employed is

the same tangent hyperbolic type as before,

EðtÞ ¼ E0

2
tanh

t � tc þ t=2

s

� �
� tanh

t � tc � t=2

s

� �� �
ð189Þ

where tc; s; t, and E0 are the center time, switching time, duration, and maximum

amplitude, respectively. The center time is taken to be equal to the frequency

center time, that is, tc ¼ tp.

First, by taking the diatomic molecule LiH, we try to excite a displaced wave

packet on the ground-state X1�þ at R ¼ 6:0 a.u. to the B1� excited state (see

Fig. 35). The potential energy curves and the transition dipole moment are taken

from [117]. The time evolution of the populations on the ground and excited

states is shown in Fig. 36 More than 86% of the initial state is excited to the B

state within the period shorter than a few femtoseconds. The integrated total

transition probability P given by Eq. (173) is P ¼ 0:879, which is in good

agreement with the value 0.864 obtained by numerical solution of the original

coupled Schroedinger equations. This means that the population deviation from

100% is not due to the approximation, but comes from the intrinsic reason, that

is, from the spread of the wavepacket. Note that the LiH molecule is one of the
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Figure 35. Electronic excitation of a LiH wave packet from the outer classical turning point

ð� 6a0Þ of the ground X1�þ state. The X ! B transition is considered. The initial wavepacket is the

shifted ground vibrational state. Taken from Ref. [37].

nonadiabatic chemical dynamics 165



most difficult systems for the present method, since the mass is very light and

the gradient of potential difference is relatively large. These difficulties have

been overcome by using the quick quadratic chirping, which demonstrates the

usefulness of the method. The initial displaced localized wavepacket can be

prepared by a sequence of vibrational excitations by quadratically chirped

pulses, which is not explained here, or more directly by using the semiclassical

optimal control theory explained in the Section V.B. As another extreme

example, the NaK molecule is employed. As shown in Fig. 37, the initail wave

packet is a less localized one at the inner turning point on the ground state X1�þ

prepared by the quadratically chirped pump–dump method explained below.

The potential energy curve and the transition dipole moment are taken from

[118]. The total excitation probabiltiy P is as high as P ¼ 0:905 with the laser

intensity of only 0:2 TW cm�2 (see Fig. 38). If we use a well-localized initial

wave packet, then the total excitation efficiency can be higher. Note that the

above method can be applied even to the wave packet moving away from the

turning point.

The second example is the quadratically chirped pump–dump scheme. Since

the pioneering work by Tannor and Rice [119], the pump–dump method has

been widely used to control various processes. However, since it is not possible

to transfer a wave packet from one potential energy surface to another nearly

completely by using the ordinary transform limited or linear chirped pulses, the

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

-20 -15 -10 -5  0  5  10  15  20

P
o
p
u
la

ti
o

n

Time (fs)

X 1 Σ+

B 1 Π

Figure 36. Time variation of the wave packet population on the ground X and excited B states

of LiH. The system is excited by a single quadratically chirped pulse with parameters:

ao ¼ 5:84 � 10�2 eV fs�2, bo ¼ 2:319 eV, and I ¼ 1:00 TWcm�2. The pulse is centered at t ¼ 0

and has a temporal width t ¼ 20 fs. Taken from Ref. [37].
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Figure 37. Electronic excitation of the NaK wavepacket from the inner turning point of the

ground X state. The X ! A transition is considered. The initial wave packet is prepared by two

quadratically chirped pulses within the pump–dump mechanism. Taken from Ref. [37].
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Figure 38. Time variation of the wavepacket population on the ground X state and the excited

A state of NaK. The system is excited by a quadratically chirped pulse with parameters:

ao ¼ 3:13 � 102 eV fs�2, bo ¼ 1:76 eV, and I ¼ 0:20 TW cm�2. The pulse is centered at t ¼ 0 and

has a temporal width t ¼ 20 fs. Taken from Ref. [37].
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efficiency of the ordinary pump–dump method cannot be high. The nearly

complete pump–dump now becomes possible by using the present quadratically

chirped pulses. As an example, starting from the ground vibrational state

ðv ¼ 0Þ on the ground electronic state of NaK, we try to prepare the wave packet

at the inner turning point on the ground state that was used in the above example

as the initial packet for the electronic excitation (see Fig. 37). A quadratically

chirped pulse is applied to this ground vibrational state to excite to the excited

state A1�þ (see Fig. 37) and the wave packet is dumped down to the ground

electronic state when it arrives at the right turning point on the excited state. The

time variation of the population is shown in Fig. 39. The overall pump–dump

probability is found to be > 0:981. The final wave packet that arrived at the left

turning point is nothing but the one shown in Fig. 37. As mentioned above, this

pump–dump procedure can be applied even to the wave packet moving in

between the turning points, if the velocity of the wave packet is not too high. An

example is shown in Fig. 40, in which the same wave packet in Fig. 37 is

dumped at the minimum potential position on its way to the right turning point.

The overall pump–dump probability is about as high as 0.958.

The present excitation scheme of quadratic chirping can be applied to higher

dimensional systems easily. As an example, we consider the bond-selective

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  50  100  150  200  250  300

P
o
p
u
la

ti
o
n

Time (fs)

X 1Σ+

A 1 Σ+

Figure 39. Pump–dump control of NaK molecule by using two quadratically chirped pulses.

The initial state taken as the ground vibrational eigenstate of the ground state X is excited by a

quadratically chirped pulse to the excited state A. This excited wavepacket is dumped at the outer

turning point at t ’ 230 fs by the second quadratically chirped pulse. The laser parameters used are

ao ¼ 2:75ð1:972Þ � 10�2 eV fs�2, bo ¼ 1:441ð1:031Þ eV, and I ¼ 0:15ð0:10ÞTW cm�2 for the first

(second) pulse. The two pulses are centered at t1 ¼ 14:5 fs and t2 ¼ 235:8 fs, respectively. Both of

them have a temporal width t ¼ 20 fs. (See color insert.) Taken from Ref. [37].
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photodissociation of a 2D model of H2O on the ~A excited potential energy

surface. The 2D model is adapted from [120]. The initial wave packet on the

ground electronic state is a 2D Gaussian wave packet in the form

� ¼ f1f2 ð190Þ

with

fi ¼ ðps2
i Þ�1=4

exp �ðRi � RieÞ2

2s2
i

þ i

�h
Pi0ðRi � RieÞ

" #
ð191Þ

where ið¼ 1; 2Þ is the index of the two OH bonds, Rie and Pi0 are the central

position and the initial momentum of the wave packet, respectively. The overall

total transition probability P are calculated from Eq. (173) and compared with

the full numerical solution Pnum of the original coupled Schroedinger equations.

The following three kinds of initial wave packets are considered:(a)wave packet

at the equilibrium position with zero momentum, (b)wave packet slightly shifted

in the x direction with zero momentum, and (c)wave packet at the equilibrium
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Figure 40. Pump–dump control of NaK by using two quadratically chirped pulses. The initial

state and the first step of pump are the same as in Fig. 39. The excited wave packet is now dumped at

R ’ 6:5a0 on the way to the outer turning point. The parameters of the second pulse are

ao ¼ 1:929 � 10�2 eV fs�2, bo ¼ 1:224 eV, and I ¼ 0:10TW cm�2. The second pulse is centered at

t ¼ 95:5 fs and has a temporal width t ¼ 20 fs. (See color insert.) Taken from Ref. [37].
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position with a finite momentum directed along the x direction. The laser

parameters and the final transition probabilities (P and Pnum) are listed below.

Case (a)

Rie ¼ 1:82 a:u:ði ¼ 1; 2Þ; Pi0 ¼ 0:0; sxx ¼ 0:20

aoðeV fs�2Þ ¼ 1:34; boðeVÞ ¼ 6:17; IðTW cm�2Þ ¼ 20:0

P ¼ 81:7%; Pnum ¼ 80:2% ð192Þ

Case (b)

R1e ¼ 2:32 a:u:; R2e ¼ 1:82 a:u: Pi0 ¼ 0:0 sxx ¼ 0:20

aoðeV fs�2Þ ¼ 2:89; boðeVÞ ¼ 4:34; IðTW cm�2Þ ¼ 57:8

P ¼ 74:4%; Pnum ¼ 73:0% ð193Þ

Case (c)

Rie ¼ 1:82 a:u:; P10 ¼ 12:0 a:u:; P20 ¼ 0:0; sxx ¼ 0:20

aoðeV fs�2Þ ¼ 1:34; boðeVÞ ¼ 6:61; IðTW cm�2Þ ¼ 20:0

P ¼ 81:5%; Pnum ¼ 78:8% ð194Þ

The laser intensities are taken to be the possible lowest. The intensity in case (b) is

almost three times larger than the others. This is simply due to the fact that the

transition dipole moment exponentially decays from the equilibrium position and

also the potential energy difference increases. Note again that the coordinate-

dependent level approximation works well. In order to demonstrate the selectivity

the time evolution of the wave packets on the excited state are shown in Fig 41. As

a measure of the selectivity, we have calculated the target yield Ye by

Ye ¼
ð
D
j�eðtÞj2dR1dR2 ð195Þ

where �eðtÞ is the wave packet at time t on the excited state and the integration

domain D is taken to be R1 2 ð2:5; 7:5Þ and R2 2 ð1:0; 3:0Þ in au. In case (a) (top

panels of Fig. 41), the wave packet naturally dissociates equally into the two

directions with Ye ¼ 0:495. In the case of a shifted wave packet [case (b)], �e

stands on the slope of the valley at R1 > R2, where the force is directed toward

R1ðx� directionÞ. Because of the small mass of H2O, a small portion of �e goes

beyond the barrier and appears in the R2ðyÞ direction and the yield is Ye ¼ 0:72.

Case (c) is the most efficient in the present system. The target yield is Ye ¼ 0:95
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Figure 41. Selective bond breaking of H2O by means of the quadratically chirped pulses with the

initial wave packets described in the text. The dynamics of the wavepacket moving on the excited

potential energy surface is illustrated by the density. (a) The initail wave packet is the ground

vibrational eigen state at the equilibrium position. (b) The initial wave packet has the same shape as

that of (a), but shifted to the right. (c) The initail wave packet is at the equilibrium position but with a

directed momentum toward x direction. Taken from Ref. [37]. (See color insert.)
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and this high yield is attained by the rapid motion of �e on the excited potential

energy surface within a very short period ð�2 fsÞ. The preparation of the wave

packet with directed momentum can be achieved by using the semiclassical

optimal control theory explained in Section V.B.

Note again that the parameters of the optimal laser pulses can be estimated

from the ZN theory of nonadiabatic transition regardless of the dimensionality

of the system.

B. Semiclassical Guided Optimal Control Theory

As demonstrated in the Section V.A.1, the quadratic chirping method is very

powerful for controlling transitions among energy levels, for example, among

energy levels of atoms or among vibrational states of molecules. The efficiency

can be theoretically 100%. But this is not effective at all, unfortunately, in the

case of vibrational levels of realistic multidimensional systems, since the

vibrational energy level calculation itself is already very time consuming and

actually not feasible. In this sense, the OCT is more useful. We can control

wave packet motion on a single potential energy surface by OCT [33].

Electronic transitions can also be treated by OCT, but the quadratic chirping

method is more efficient, as demonstrated in Section V.A.2. The general idea of

the OCT is to design such a laser field that the initial wave packet driven by the

field becomes as close as possible to the desired target wave packet by solving

the appropriate equations iteratively to optimize a certain functional. There

have been formulated various versions of quantum and classical OCT [33]. The

quantum mechanical versions, however, are essentially based on the grid

method and can be applied only to low dimensional systems, at the highest

three dimensions at present, unfortunately. The classical mechanical versions,

on the other hand, can be easily used for higher dimensional systems. However,

they cannot be reliable, since the various phases play crucial roles in laser

control of dynamics [121, 122]. This is quite different from the ordinary

chemical dynamics, in which some sort of averaged physical quantities can be

obtained without phases. We have developed a semiclassical guided optimal

control theory [38, 40, 41] with use of the Herman–Kluk type frozen Gaussian

wave packets [17].

1. Formulation

In the general procedure of OCT, the optimal laser field EkðtÞ is obtained by

iteratively solving a set of Schroedinger equations starting from a certain initial

guess (typically zero filed). If we use the idea of the quantum gradient search

method [123], the correction to the controlling field is given by

dEkðtÞ � �h�1h�tjfðTÞiIm½	kðtÞ� ð196Þ
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with

	kðtÞ ¼ hfðtÞjmkðrÞjwðtÞi ð197Þ

where fðtÞ and wðtÞ are the wave packets in the previous step in the iteration and

mkðrÞ is the dipole moment with the index k denoting the polarization vector

component. The time-dependent wavepackets fðtÞ and wðtÞ are the solutions of

the time-dependent Schroedinger equation on a single potential energy surface in

a laser field given by

i�h
q
qt

þ �h2

2m
�r � VðrÞ þ mðrÞEðtÞ

� �
cðtÞ ¼ 0 ð198Þ

The solution c ¼ fðtÞ is propagated forward in time from t ¼ 0 to t ¼ T and

satisfies the initial condition fðt ¼ 0Þ ¼ �i. On the other hand, c ¼ wðtÞ is

propagated backward from t ¼ T to t ¼ 0 with the initial condition

wðt ¼ TÞ ¼ �t. Since the wavepacket propagations should be performed at

each iteration, the numerical costs of quantum computations become huge for

multidimensional systems. In our formulation, we have introduced the following

two ideas in order to make the theoretical framework applicable to large systems.

One is to incorporate the semiclassical Herman–Kluk-type frozen Gaussian

wavepacket propagation into the above OCT. The second is the idea of guiding

the control process by introducing a set of intermediate target states. The outline

of the formulation is given below.

The wave packets fðtÞ and wðtÞ to be propagated forward and backward,

respectively, are expanded in terms of the frozen Gaussian wave packets as (see

also Section II.B)

fðtÞ ¼
ð
dq0dp0

ð2p�hÞN gg;qt ;pt
Cg;qt ;pt

exp½iSg;qt ;pt
=�h�hgg;qt ;pt

jfð0Þi ð199Þ

The similar expansion applies to wðtÞ. The frozen Gaussian wave packets gg;qt ;pt

are explicitly given by

gg;q;p ¼ �N
j¼1

2gj
p

� �1=4

exp½�gjðrj � qjÞ2 þ ipjðrj � qjÞ=�h� ð200Þ

where Sq0;p0;t and Cg;q0;p0
are the action and the preexponential factor at time t

along the trajectory starting from ðq0; p0Þ at t ¼ 0. The parameters gj are

constants in time and are taken to be common for all the frozen Gaussians. Then
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the correlation function defined by Eq. (197) becomes in the semiclassical

approximation

	kðtÞ ¼
ð
dq0dp0

ð2p�hÞN C�
gq0p0;t

exp½�iSq0;p0;t=�h�

� hfð0Þjgg;q0p0
i
kðg; qt; ptÞ ð201Þ

where


kðg; qt; ptÞ ¼
ð
dq0

0dp0
0

ð2p�hÞN hgg;qtpt
jmkðrÞjgg0;q0

t ;p
0
t
i

� Cg;q0
0
;p0

0
;t exp½iSq0

o;p
0
0
;t=�h�hgg0;q0

0
;p0

0
jwð0Þi ð202Þ

Without loss of generality g0 ¼ g can be assumed. If the dipole moment can be

assumed to be a linear function of coordinate within the spread of the frozen

Gaussian wave packet, the matrix element hgg;qt ;pt
jmkðrÞjgg;q0

t ;p
0
t
i can be evaluated

analytically. Since the integrand in Eq. (201) has distinct maxima usually, we can

introduce the linearization approximation around these maxima. Namely, the

Taylor expansion with respect to dq0 ¼ q0
0 � q0 and dp0 ¼ p0

0 � p0 is made,

where q0
0 and p0

0 represent the maximum positions. The classical action Sq0
0
;p0

0
;t is

expanded up to the second order, the final phase-space point ðqt; ptÞ to the first

order, and the Herman–Kluk preexponential factor Cg;q0
0
;p0

0
to the zeroth order.

This approximation is the same as the cellularization procedure used in Ref. [18].

Under the above assumptions, various integrations in 
kðg; qt; ptÞ can be carried

out analytically and we have

	kðtÞ ¼
ð
dq0dp0

ð2p�hÞN hfð0Þjgg;q0;p0
ihgg;q0;p0

jwð0Þi

� ½mkðqtÞ � rmkðqtÞFg;q0p0;t�Gg;q0;p0;t ð203Þ
where Fg;q0p0;t and Gg;q0;p0;t are functions of the parameters of the trajectories

ðqt; ptÞ. The details of the derivation and the expressions are given in

Ref. [38, 40].

Now, consider the special case of mðrÞ ¼ 1 for the moment. Then the

correlatoion function Eq. (197) is just a simple overlap of fðtÞ and wðtÞ. With

use of the orthogonality and completeness of frozen Gaussian basis, this overlap

can be simply expressed as

hfðtÞjwðtÞi ¼ hfð0Þjwð0Þi ¼
ð
dq0dp0

ð2p�hÞN hfð0Þjgg;q0;p0
ihgg;q0;p0

jwð0Þi: ð204Þ

Equations (203) and (204) should be equal for any couple of wavepackets, which

is possible only if Ggqop0
¼ 1. Thus, if the dipole moment does not significantly
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change within the width of frozen Gaussians, then the correlation function can be

very much simplified as

	kðtÞ ’
ð
dq0dp0

ð2p�hÞN hfð0Þjgg;q0;p0
imkðqtÞhgg;q0;p0

jwð0Þi ð205Þ

This equation requires propagation of classical trajectories only and simplifies

the calculation of optimal field very much. This semiclassical theory has been

confirmed to work well by numerical applications for 2D systems [38, 40] and is

applicable to realistic multidimensional systems for obtaining optimal laser field.

In the practical applications, there is another problem, though. The final target

state is usually far from the initial state and the overlap between the target wave

packet and the zeroth order propagated initial wave packet is too small to carry

out further iterations efficiently. To overcome this difficulty, we divide the whole

process into a sequence of a certain number of steps and prepare an intermediate

target state in each step. The intermediate target states cannot be defined

uniquely, of course; but that is not so crucial, since we can easily physically guess

what the intermediate state should roughly be like. Besides, the efficiency at the

intermediate steps are not necessarily so high. The final efficiency at the final step

is the most important quantity, naturally.

2. Numerical Examples

The above mentioned method has been applied to the four-dimensional model

of isomerization of the HCN molecule, namely, isomerization in a plane

spanned by the two 2D Jacobi vectors. The molecule is assumed to be initially

linear in X direction. The potential energy surface and the dipole moment are

taken from [124]. The whole process is divided into the following three steps:

(1) acceleration of the initial wave packet which is taken to be the ground

vibrational state in the HCN configuration so that the energy exceeds the top

of the interstate barrier, (2) field-free propagation toward the target (CNH)

region, and (3) deceleration so that the wave packet stays in the target region.

Figure 42 shows the potential contours for the motion of H when N and C are

fixed. Figure 43 depicts the probability densities of the wavepacket after 30 fs

of field-free propagation as a function of (a) proton coordinate, (b) N��C bond

coordinate, (c) proton momentum, and (d) N��C bond momentum. Figure 44

shows the efficiency and the final optimal field strength as a function of time.

The efficiency is calculated according to the formula

Piso ¼ fðtÞjh �
R

N����C
� RH

R
N����C

RH

0
B@

1
CAjfðtÞ

* +
ð206Þ
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where RN����C and RH are the vector from N to C and the vector from the center of

mass to H, and h is the step function. The final efficiency achieved here is �81%,

even though the efficiencies at the intermerdiate steps are lower. The peak

intensity of the field is as high as 1014W cm�2, but this is only for 15–20 fs and

multiphoton ionization would not totally destroy the present process.
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Figure 42. The potential energy contour felt by a hydrogen atom when the two atoms N (left

side) and C (right side) are fixed. (See color insert.)

Figure 43. Probability density of the wavepacket after 30 fs of field-free propagation of the

accelerated wavepacket as a function of (a) proton coordinate, (b) N����C bond length, (c) proton

momentum, and (d) N����C bond momentum. Taken from Ref. [41].
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C. Utilization of Complete Reflection Phenomenon

Zhu and Nakamura proved that the intriguing phenomenon of complete

reflection occurs in the 1D NT type potential curve crossing [1, 14]. At certain

discrete energies higher than the bottom of the upper adiabatic potential, the

particle cannot transmit through the potential from right to left or vice versa. The

overall transmission probability P (see Fig. 45) is given by

P ¼ 4 cos2 �ðEÞ
4 cos2 �ðEÞ þ p2

1�p

ð207Þ

where p is the nonadiabatic transition probability for one passage of the crossing

point and � is the phase along the upper adiabatic potential curve at energy E

plus the contribution from the dynamical phases. This indicates that when the

phase � satisfies the condition,

�ðEÞ ¼ ðnþ 1=2Þp ðn ¼ 0; 1; 2; � � �Þ ð208Þ

the transition probability P becomes exactly zero. This phenomenon is due to the

quantum mechanical interference between the wave trapped on the upper

adiabatic potential and the wave transmitting along the lower adibataic potential

without any transition to the upper state, and occurs whatever the potential shape

and the coupling strength are. The above equations are the expressions in the

semiclassical approximation, but the phenomenon itself is proved to happen

quantum mechanically exactly [14, 125]. This phenomenon has been found

in some other types of two-state potential systems [126]. The cases found are
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Figure 44. Optimal field calculated for the HCN��CNH isomerization control. Solid line-

component along the x axis. Dashed line-component along the y axis. Inset is the time variation of

the isomerization probability. Taken from Ref. [41].
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(1) diabatically avoided crossing case, (2) double crossing NT type potentials,

and (3) two-state three-channel system with tunneling. The semiclassical

conditions have been formulated. Since this is a very unique and interesting

phenomenon, we can think of various applications. Although the ‘‘complete-

ness’’ is destroyed in multidimensional systems naturally, in some cases the

reflection dips survive and we can use them to control molecular processes. In a

periodic system or a system with a finite number of potential units, the complete

transmission can occur. Thus we can think of molecular switching by using the

complete reflection and transmission phenomena. Both 1D and 2D models have

been discussed in Refs. [44, 46]. Laser control of photodissociation branching

with use of this complete reflection phenomenon is also possible, since a CW

laser can create NT type of potential crossings easily. The models of 2D HOD

and CH3SH molecules have been considered and it is numerically demonstrated

that the selective dissociation is possible to some extent [45]. Since these models

including the molecular switching are discussed already in the book [1], another

example is presented here [127].

The selective photodissociation of an HI molecule is considered in the enrgy

range �ho ¼ 3�6 eV. In the case of a diatomic molecule, predissociation can be

stopped, if the condition, Eq. (208), is satisfied in the region designated in

Fig. 46. In the energy range �ho ¼ 3–6 eV, there are three electronically excited

states, 1�1;
3 �0þ, and 3�1 (see Fig. 47). The ground state 1� is coupled to these

excited states through the transition dipole moments (see Fig. 48). The

couplings among the excited states can be neglected, because the corresponding

transitions are off-resonant. Thus we have the following potential matrix:

PE

internuclear distance

e
n
e
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y

Figure 45. Schematic picture representing the nonadiabatic tunneling-type transition.
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Figure 46. Schematic picture representing the complete reflection condition in a diatomic

molecule. Taken from Ref. [126].
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Figure 47. Ab initio potential energy curves of the HI molecule. The unit of y axis is reaprocal
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VðR; tÞ ¼
V1ðRÞ �m12ðRÞEðtÞ �m13ðRÞEðtÞ �m14EðtÞ

�m12ðRÞEðtÞ V2ðRÞ 0 0

�m13EðtÞ V3ðRÞ 0

�m14EðtÞ 0 0 V4ðRÞ

0
BB@

1
CCA ð209Þ

where i ¼ 1; 2; 3; 4 correspond to 1�;1 �1;
3 �0þ;3 �1, respectively. The poten-

tials and transition dipole moments are taken from the ab initio data and spline

fitting is made to them [128, 129]. The CW laser field EðtÞ is taken as

EðtÞ ¼ E0 cosðotÞyðtÞ ð210Þ

where yðtÞ is the envelope of the laser pulse that should be wide and smooth

enough so that unnecessary transitions are not induced due to the sudden

switching of the field. The actual intensity used in the calculations is 1TW cm�2.

The two excited states V2 ¼1 �1 and V4 ¼3 �1 correlate to the ground-state

inodine I and the state V3 ¼3 �0þ correlates to the excited iodine I�. Thus, in

order to selectively produce the excited state I� we have to be able to stop the

dissociation through the other two excited states. Numerical solutions were made

by solving the time-dependent coupled equations

i�h
q
qt
fðR; tÞ ¼ � �h2d2

2mdR2
þ VðR; tÞ

� �
fðR; tÞ ð211Þ
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Figure 48. Ab initio transition dipole moments between the electronically ground and excited

states. Taken from Ref. [126].
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The step sizes used are �R ¼ 7:8 � 10�3 a.u. and �t ¼ 0:043 fs, and the

absorbing potential is put at R ¼ 9�10 a.u. We have first found the complete

reflection manifold in which Eq. (208) is satisfied and roughly estimate the

appropriate energy region and vibrational states. One example of the results is

shown in Figs. 49 and 50 for v ¼ 4. Figure 49 shows the time-integrated

dissociation flux at t ¼ 3:5 ps. The time-integrated flux is defined as

JiðtÞ ¼
ðt

0

dt
�h

m
Im f�

i ðR; tÞ
d

dR
fiðR; tÞ

� �
jR¼6 ð212Þ

where fiðR; tÞ is the wave function on the potential i. It can be seen that the two

dissociation channels through the states i ¼ 2 and 4 are almost stopped at the

photon energy �ho ’ 3:58 eV. Figure 50 shows the time varation of the time-

integrated flux to confirm the highly selective production of I�. The condition

for the inverse case to produce I selectively can be found easily. For example,

�ho ’ 3:47 eV with v ¼ 4 meets the condition. In the present treatment, the

rotational degree of freedom has been neglected. In order to compare with any

real experiment, it is required to take into account the effects of initial

rotational state distribution that depends on the experimental condition. The

completeness would be deteriorated to some extent, but the control may be

achieved to a good extent. One defect of the method based on the complete
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Figure 49. The time-integrated fluxes at t ¼ 3:5 ps as a function of �ho for v ¼ 4. Taken from

Ref. [126].
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reflection phenomenon is that the initial state should be prepared in a certain

excited vibrational state.

VI. MANIFESTATION AND CONTROL

OF MOLECULAR FUNCTIONS

Nonadiabatic transitions definitely play crucial roles for molecules to

manifest various functions. The theory of nonadiabatic transition is very

helpful not only to comprehend the mechanisms, but also to design new

molecular functions and enhance their efficiencies. The photochromism that is

expected to be applicable to molecular switches and memories is a good

example [130]. Photoisomerization of retinal is well known to be a basic

mechanism of vision. In these processes, the NT type of nonadiabatic

transitions play essential roles. There must be many other similar examples.

Utilization of the complete reflection phenomenon can also be another

candidate, as discussed in Section V.C. In this section, the following two

examples are cosidered (1) photochromism due to photoisomerization

between cyclohexadiene (CHD) and hexatriene (HT) as an example of

photoswitching molecular functions, and (2) hydrogen transmission through a

five-membered carbon ring.
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Figure 50. Time variation of the time-integrated fluxes JiðtÞ for v ¼ 4. Taken from Ref. [126].
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A. Photochromism: Photoisomerization between Cyclohexadiene

and Hexatriene

1. Potential Energy Surfaces and Reaction Scheme

Photoinduced reversible ring-opening–closure of photochromic molecules, such

as diarylethenes and fulgides, are applicable to molecular switches and memories

[130–133]. Murakami et al. [132] recently found that the reaction yield of the

photoinduced ring opening of diarylethene strongly depends on the time duration

of laser irradiation. The control of the reaction yield of photochromism by the

optimal laser is thought to be particularly important for the ‘‘gated-function’’,

which is crucial to achieve low fatigue and nondestructive read-out capability in

practical photoswitches and optical rewritable memories (i.e., efficiently

isomerized by the specific optimal laser, but not isomerized by sunlight or

read-out light). The clarification of the ultrafast photochemical dynamics enables

us to build up reaction control strategies to achieve high isomerization yield,

quick response, and gated functions, which are required in practical photo-

chromic systems. Recent advances in experimental and theoretical techniques

have made it possible to reveal time-dependent pictures of ultrafast reactions in

detail [134], which provides a wide perspective for reaction controls and

molecular designs. Photoisomerization between 1,3-cyclohexadiene (CHD) and

all-cis-hexatriene (HT) (Fig. 51) has been attracting great interest [135–139] not

only as a prototype of ultrafast photochemistry, but also as a model system to

understand universal reaction mechanisms of photochromism, because CHD/HT

is the reaction center of various photochromic molecules. The ground-state CHD

equilibrium geometry is of C2 symmetry, at which the electronic ground (S0),

first (S1) and second (S2) excited states have 11A, 11B and 21A characters,

respectively, and the photoexcitation to S1 (11B) is much stronger than that to S2

Figure 51. 1,3-cyclohexadiene (a) and all-cis-hexatriene (b) isomers of C6H8 with the

respective third active orbitals (highest occupied p-orbital) and breaking C��C distances in

angetroms. The bold line indicates the C2 rotation axis. Taken from Ref. [48].
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(21A) because of the large 11A� 11B transition dipole moment. Fus et al. [135]

experimentally observed the CHD/HT photoisomerization in the vapor phase in

femtosecond (fs) time-resolution as follows (with time durations from photo-

excitation): (1) photoexcitation of CHD to S1 (11B) in the Franck–Condon (FC)

region (0 fs). (2) State character change of S1 from 11B to 21A (53 fs). (3)

Radiationless decay from S1 to S0 (130 fs). (4) CHD or HT formation on S0

(200 fs).

We have theoretically studied this CHD/HT photoisomerization process as a

prototype system of photochromism [48, 140]. The overall reaction scheme is

shown in Fig. 52. The ab initio potential energy surface calculations are

performed using the MOLPRO 2002 [100] and the GAMESS [141] codes. The

6-31G basis set with d and p polarization functions ½6 � 31Gðd; pÞ� is used for

all the calculations. The molecular orbitals are optimized using the complete

active space self-consisitent field (CASSCF) method. The active space

comprises six active orbitals and six active electrons [CASSCF(6,6)]; the

active orbitals are composed of the pðp�Þ and the breaking sðs�Þ orbitals. The

equilibrium molecular geometries on the respective states and the minima on

the CoIn(conical intersection) hypersurface are optimized using the (state

averaged) CASSCF energy gradient without symmetry constraint. The notations

11A; 21A, and 11B in the C2 symmetry are used to indicate the dominant

electronic state characters, even though the symmetry broken structures are

considered. Robb and co-workers carried out the pioneering theoretical studies

using the CASSCF calculations [136]. In their calculations, however, the 11B

Figure 52. Diagram of CHD/HT photochemical interconversion. The MRSDCI, MRSCI, and

MCQDPT energies are relative values from those of the ground-state CHD. Transition dipole

moments and equilibrium geometries are also shown. Taken from Ref. [139].
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and 21A states were separately calculated within the constraint of C2 symmetry

and the transition between 11B and 21A was not elucidated. Besides, they have

taken the minimum energy path through the conical intersection based on

the assumption that the thermal equilibrium is reached before decaying to

the ground state. However, the experiment [135] implies that the excited state

decays to the ground state before it reaches the thermal equilibrium. We have

calculated the ab initio potential energy surfaces along the 2D reduced

coordinates shown in Fig. 53. The other nonreactive coordinates are optimized.

The single point energies of the respective states at the optimized geometries are

calculated using the multireference configuration interaction (MRCI) method

with single excitations to take into account dynamic correlation energies. The

potential energy scheme is shown in Fig. 54. First, the photoexcitation occurs

C3 C4

C2
C5

C1 C
6R

bond center

Figure 53. Two-dimensional Jacobi coordinates employed. Taken from Ref. [48].
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Figure 54. Reaction scheme of CHD/HT photoisomerization. (1) CHD is photoexcited to

S1ð11BÞ, (2) ring opening proceeds descending the S1ð11BÞ potentiaql energy surface, (3) electronic

state character of S1 changes from 11B to 21A at the first conical intersection, (4) the S1ð21AÞ
wavepacket ascends the potential energy surface toward the open ring direction, where the wave

packet is still compact, (5) the wavepacket turns back toward the closed-ring direction, and (6)

radiationless decay to S0 occurs through the second conical intersection located along the direction

toward the five-membered ring (5MR). Taken from Ref. [49].
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from the ground state S0ð11AÞ to S1ð11BÞ, since the transition dipole moment to

the S1ð11BÞ state is much larger than that to S2ð21AÞ. There are two important

CoIns on the way to the conversion, one is between S1 and S2 and the other

between S1ð21AÞ and S0ð11AÞ. At the first CoIn, the state character changes as

S1ð11BÞ ! S1ð21AÞ and S2ð21AÞ ! S2ð11BÞ. This occurs by breaking the C2

symmetry.

On the potential energy surfaces thus obtained 2D wavepacket dynamics

calculations have been performed in the diabatic state representation. The

reduced massses are regarded as those of CH2–ethylene system. The validity

was examined by using on-the-fly ab initio molecular dynamics that were

supplementarily performed. The dynamics calculations performed are com-

posed of the following steps:

1. The eigenfunction of the vibrational ground state is calculated on the ab

initio 2D S0 potential energy surface by solving the eigenvalue problem.

2. The initial wave packet on the excited S1ð11BÞ state is prepared by the

product of the S0 eigenfunction and the S0 � S1 transition dipole moment

at each grid point.

3. The wave packet is propagated from the FC region on the S1 and S2

surfaces (on which the geometries are optimized by the 11B CASSCF

energy gradient.

4. After the transition to S1ð21AÞ, the wave packet is projected onto the

S1 � S0 surfaces on which geometries are optimized by the S1 CASSCF

energy gradient.

5. When the wave packet reaches the CHD or HT product regions on S0, the

product populations are calculated at respective regions.

6. Wave packet absorptions are imposed in order to exclude the effect of

secondary thermal isomerization.

The reaction scheme clarified by the present studies is depicted in Fig. 54.

Note that the real dynamics goes on the 2D space. The wavepacket bifurcates at

the first CoIn into S1ð21AÞ and S2ð11BÞ after 15–25 fs from the first

photoexcitation. Here it turns out that most of the wave packet ð� 80%Þ goes

to the S1ð21AÞ. Since the 2D consideration is not good enough for this

nonadiabatic transition, the full dimensional analysis was made with use of the

ZN formula under the harmonic normal mode approximation and the final

transition probability was estimated. The subsequent dynamics on the S1 � S0

coupled surfaces is made as follows: (1) The wave packet ascends the S1 surface

toward the open-ring direction due to the excess kinetic energy from the FC

region ð� 45 fsÞ, (2) turns around to the close-ring direction (70–80 fs), (3) is

refelected by the steep ascending slope at the close-ring region (90–120 fs), (4)

186 hiroki nakamura



reaches the S1 � S0 CoIn region owing to the shallow potential toward the 5MR

(120–130 fs), and (5) the first decay occurs due to the nonadiabatic transition

across the seam line toward the 5MR (130–180 fs). This overall time duration is

in good agreement with the experiment [135]. Figure 55 depicts the motion of

the wave packet schematically. Figure 56 shows the wavepacket population on

the respective states as a function of the elapsed time. This indicates � 45% of

the S1 wave packet decays to S0 during the first major seam line crossing toward

the 5MR at 130–180 fs. The nonadiabatic transition at this second CoIn is also

corrected by considering the multidimensionality. The final CHD/HT branching

Figure 55. Two-dimensional coupled potential energy surfaces and the wavepacket motion. (a)

S1 � S2 surfaces and (b) S1 � S0 surfaces. The black, gray, and white circles and dotted lines indicate

the locations of the FC region, S1 � S2 conical intersection minimum, 5MR S1 � S0 conical

intersection minimum, and seam lines, respectively. The solid arrows indicate the schematic

wavepacket pathway in the case of natural photoisomerization starting from the vibrational ground

state. Taken from Ref. [49].
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ration is found to be �5:5. The experimental value for the CHD/HT ratio in

solution is 6:4 [142]. As is clear from the above analysis, the second CoIn

between S1ð21AÞ and S0ð11AÞ is crucial for the final branching.

2. Laser Control of Photoswitching Functions

Once the overall mechanisms of molecular functions dictated by nonadiabatic

transitions are understood, we can think of controlling them. Here, we consider

possible control schemes generally applicable to the photoswitching molecules

by taking the CHD/HT photoisomerization as an example. We investigate the

following two ideas to control the molecular functions [49]: (1) nearly complete

electronic transitions by using quadratically chirped pulses and (2) preparation of

the initial wavepacket on the ground state with appropriately directed

momentum. These two methods have already been demonstrated to be effective

in practical examples of laser control, as discussed in Section IV.

In the case of quadratic chirping, the following scheme is proposed

(see Fig. 57): (1) The nearly complete initial excitation can be achieved to

enhance the total population involved in the photoisomerization process, and (2)

the branching ratio of HT can be increased by the laser-induced dumping when

the wavepacket reaches above the ground state HT basin before the natural

radiationless decay occurs through the S1 � S0 CoIn. The S1ð21AÞ wave packet

can be efficiently dumped to S0ð11AÞ via pumping to S2ð11BÞ because of the

large transition dipole memontes. The effiency of these pump–dump processes

can be very much enhanced by using the quadratic chirping method. Figure 58

shows the changes of the wave packet populations on the S0ð11AÞ and S1ð11BÞ
states under the quadratically chirped pulses at 3:5 TW cm�2 intensity. At the

0 100 200 300 400 500

1.0

0.0

0.5

Time (fs)

<
|

>

S
1

S
0

HT

CHD

Figure 56. Changes of the wavepacket populations on the S1 � S0 coupled potential energy

surfaces as a function of time duration from the FC region. Taken from Ref. [48].
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first photoexcitation process � 90% efficiency is achieved [see Fig. 58(a)].

Although the wave packet on the S1ð21AÞ state passes over the ground state HT

region, it is not efficient in the present system to dump it directly to the ground

HT state because of the small transition dipole moment bewteen 21A and 11A.
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Figure 57. Schematic potential energy profiles and the pump-dump scheme. Taken from

Ref. [49].
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Figure 58. Changes of the wavepacket populations on the respective states (upper panels)

under the 3:5 TW cm�2 quadratically chirped pulses (lower panels) during the sequential pump-

dump scheme via the (a) 11A ! 11B pumping at CHD and [(b) and (c)] 21A ! 11B ! 11A pump

dump at HT as a function of time duration. Taken from Ref. [49].
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Thus, as mentioned above, the pump–dump process 21A ! 11B ! 11A is used.

Fig. 58(b) shows the population changes of the 21A and 11B states under the

quadratically chirped pump pulse. The S2ð11BÞ population can be � 60; 56, and

80% at 3.5, 8.0, and 14:0 TW cm�2, respectively. Finally, the wave packet on the

S2ð11BÞ state is dumped to S0ð11AÞ. Since the wave packet is spread a bit

already, it is not easy to attain a high efficiency. Approximately 40 [see

Fig. 58(c)], 46%, and 55% populations are dumped at 3.5, 8.0, and

14:0 TW cm�2, respectively. In this pump–dump process we have to be careful

about the deterioration by the other states (see Fig. 57), such as the processes of

21A ! 21B ! 11A and S2ð11BÞ ! S4ð31AÞ. These processes are found,

however, not to deteriorate the present pump–dump scheme (see Ref. [49] for

more details). The total overall reaction yield of HT becomes 70 [see

Fig. 58(c)], 73, and 77%, respectively, at 3.5, 8.0, and 14:0 TW cm�2 (it is

� 50% without the pump–dump laser).

Let us next consider the control by the directed momentum method. The

initial wave packet with any directed momentum can be easily prepared by the

semiclassical optimal control theory explained in Section V.B. Since the direct

pathway to the 5MR region is far away from the S1 � S2 CoIn, we do not have

to worry about the transition to S2ð11BÞ through that CoIn, if we give the

momentum directed to 5MR. We have rather arbitrarily chosen the kinetic

energy � 6 kcal mol�1 and the direction toward 5MR and run the wave packet in

the same way as before. This wave packet directly goes to the S1 � S0 CoIn

region without any excursion around the open-ring region and � 24% of that

makes a transition to S0 (see Fig. 59). The multidimensionality correction is

carried out in the same way as before. Most part of this S0 wave packet finally

goes to the product HT. Finally, the total HT branching ratio is � 62%. One may
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wavepacket accelerated toward the 5MR. Taken from Ref. [49].
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claim that this efficiency is not high enough comapred to 50% in the case of

natural decay. Note, however, that the magnitude and direction of the

wavepacket are not optimally designed in this calculation and thus the total

yield can be much higher by using a more appropriate design. An important

point here is that we can generally design appropriate laser fields to enhance the

desired total yield and branching ratio. The final efficiency naturally depends on

the potential energy surface topography and the transition dipole moment of the

system.

B. Hydrogen Transmission through Five-membered

Carbon Ring and Hydrogen Encapsulation

It has been found that atomic hydrogen penetrates through a five-membered

carbon ring with the help of the nonadiabatic tunneling phenomenon [47]. The

example of pentaboron-substituted corannulenyl radical (C15H10B5) is ex-

plained here (see Fig. 60). In the case of the original corannulene molecule, the

hydrogen atom penetration is not possible, as may be guessed from its stable

electronic structure. Thus boron-substitution is introduced so that the molecule

attains the electronegativity. The five carbon atoms in the second layer are

replaced by borons. Then the molecule abstracts an electron from the incident

hydrogen atom to gain a stable ionic structure. It would be easy for thus

Figure 60. Pentaboron-subsituted corannulenyl radical ðC15H10B5Þ and the coordinate system

used. The origin is put at the center of the five-membered ring and the x axis is set to be

perpendicular to the molecular plane. Taken from Ref. [47].
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produced proton to transmit through the ring. The present study could be a

model to think about any possibility of hydrogen encapsulation by fullerenes

[143]. The ground and excited electronic potential energy surfaces are

calculated by using the multireference (MR) polarization (POL) CI method

for C15H10B5 þ H. The following excitations from the reference configuration

have been generated: single excitations of [core to active], [core to external],

and [active to external]. The molecular orbitals are determined by using the

CASSCF method. The calculations have been made at � 500 configurations

that cover the whole necessary range for 3D wavepacket calculations. During

the transmission of H the geometry of the C15H10B5 moiety is fixed, that is, the

sudden approximation is used. This is considered not to be so bad, since the

transmission time is as short as 100 fs. The molecular structure is quite flat,

actually flatter than the original C15H15, and thus the symmetry for the

transmission is higher.

The quantum dynamics calculations are carried out in the following two

ways: (1) 1D calculations in order to explore the possibility of the hydrogen

transmission and to confirm our idea, and (2) 3D wave packet dynamics to

find out the actual transmission probability. The potential energy curves for

the 1D case, namely, the potential curves when the hydrogen atom impacts the

molecule perpendicularly to the molecular plane aiming at the center, are

shown in Fig. 61. There are two nonadiabatic tunneling type avoided curve

crossings, which play the essential role for the resonant-type transmission.

The steric potential barrier is also found in the the middle in between the two

crossings. Since we are interested in the energy region lower than the

Figure 61. Adiabatic potential energy curves for the atomic hydrogen transmission through the

five-membered ring in the case of center approach. Taken from Ref. [47].
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dissociation limit of the first excited state, higher excited states are not shown.

The quantum mechanical R-matrix calculations are performed to calculate

the transmission probability as a function of energy. The result is depicted in

Fig. 62. Some resonant-type complete transmission peaks are revealed. This

confirms our idea. Then the 3D quantum mechanical wave packet dynamics

calculations are carried out by shooting an appropriate wave packet per-

pendicularly to the molecular plane. The initial wavepacket used has the half-

widths of �qx ¼ 1:67 Å and �qy ¼ �qz ¼ 0:34 Å in the coorinate space and

�px ¼ 0:63 a.u. and �py ¼ �pz ¼ 2:82 a.u. in the mometum space, where x is

the direction perpendicular to the molecular plane. The incident central

energy is E ’ 2:79 eV. Figure 63 shows the two-dimensional snapshots of the

wave packet motion on the ground electronic surface. x ¼ 0 corresponds to

the molecular center where the potential barrier exists. The violent

interference structure appears when the packet reaches the crossing region,

but after that a substantial portion of the packet transmits through the five-

membered ring. The transmission probability in the present case reaches

�27%.

As is well known, many experimental studies have been made extensively

to search for a possibility of encapsulation of atoms by hollow fullerenes

since the discovery of C60 by Kroto et al. [143]. These methods, however,

usually require high tempratures and high pressures, or ion implantation. The

yields are also as low as 0:4�10�5%. In this sense, the efficiency in our case is

much higher and the required conditions are much milder with collison energy

of �2 eV. However, the boron substitution is a bottle neck, although Smalley

and co-workers successfully synthesized boron-doped fullerenes [144].

Figure 62. Hydrogen transmission probability as a function of total energy (eV) for the center

approach. Taken from Ref. [47].
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Recently, a hydrogen molecule was encapsulated by fullerene by a synthetic

approach [145]. This, however, requires several steps, such as opening an

orifice, inserting a hydrogen molecule, and closing the orifice. Our approach

would be a one step, although the boron substitution is necessary and the

hydrogen atom has to be used. In any case, the presently proposed mechanism

with use of the nonadiabatic transitions would be worthwhile to be further

investigated.

VII. CONCLUDING REMARKS

Nonadiabatic transitions due to potential energy surface crossings definitely play

crucial roles in chemical dynamics. They (1) are important to comprehend the

Figure 63. Two-dimensional snapshots ðy ¼ 0Þ of wave packet on the ground S0 state. The

symbol T means the time duration in fs. Taken from Ref. [47]. (See color insert.)
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mechanisms of chemical reactions, (2) provide us guiding principles how to

improve the efficiencies of the various dynamics, (3) present useful tools to

control the dynamics by using lasers, and (4) play key roles to manifest and

create new functions of molecules. The Zhu–Nakamura (ZN) theory presents a

set of analytical formulas to describe the nonadiabatic transitions in the potential

curve crossing problems, and can play basic roles in these studies. Although the

theory is a one-dimensional (1D) one, it works well because the nonadiabatic

coupling is a vector defined in multidimensional space.

Comprehension of reaction dynamics in large systems can be done by using

the semiclassical frozen wave packet dynamics or by using the generalized

trajectory surafce hopping (TSH) method in which the ZN formulas can

be usefully utilized, as explained in Section II. Especially, the generalized

TSH method can be applied easily to high dimensional systems with effects

of nonadiabatic transitions and tunneling included. The commonly used

molecular dynamics (MD) method can be very much improved. The multi-

dimensional tunneling, splitting, and tunneling decay presented in Section III

can now be applied to virtually any large systems as far as high quality quantum

chemical calculations can be carried out to obtain potential energy surfaces.

The efficient detection of caustics along classical trajectories also discussed in

Section III can be combined with the generalized TSH method, as mentioned

above. The newly developed theory of electron transfer can be further

strengthened and applied to real systems by combining the quantum chemical

calculations of electronic structures and the statistical theory, such as the RISM

theory [146], although the effects of solvent dynamics should be properly

incorporated. Laser control of various chemical dynamics can be thought of by

combining the semiclassical guided optimal control theory for the wave packet

motion on a single adiabatic potential energy surface and the quadratic chirping

method for electronic transitions. Now, we can deal with realistic multi-

dimensional systems. There is no doubt that molecular functions are also

dictated by nonadiabatic transitions in many cases. The manifestation and

control of new molecular functions can be thought of from the viewpoint of

nonadiabatic transition. The viewpoint of efficient utilization of nonadiabatic

transition to manifest and control molecular functions would be useful for

synthesizing new molecules.

In all these studies mentioned above, the ZN theory of nonadiabatic

transition can be very useful, as discussed in this chapter.

VIII. APPENDIX: ZHU-NAKAMURA THEORY AND SUMMARY

OF THE FORMULAS

Zhu and Nakamura treated the two-state time-independent linear potential

model (two linear diabatic potentials coupled by a constant diabatic coupling)
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quantum mechanically and obtained the quantum mechanically exact

expressions of the reduced scattering matrix in terms of one Stokes constant

that is a function of the two basic parameters a2 and b2 [14]. This was

successfully done for the two types of transitions:(1) Landau–Zener (LZ) type

of transition in which the two diabatic potentials have the same sign of slopes,

and (2) nonadiabatic tunneling (NT) type of transition in which the two

diabatic potentials have opposite signs of slopes.These are Eqs. (A.7–A.11) in

the LZ case and Eqs.(A.41–A.42) in the NT case. The existence of the

phenomenon of complete reflection was thus quantum mechanically exactly

proved by this solution. Actual ZN formulas recommended for practical use

were derived from these expressions so as to be applicable to general curved

potentials.

Below, the final expressions of the ZN formulas that can be directly applied

to practical problems are summarized. Note that there are some typographical

errors in the expressions given in Refs. [1] and [13]. The necessary corrections

are explained in Ref. [2]. The whole set of correct expressions are provided

here.

Note that the formulas presented here contain some empirical corrections

that have been introduced so that the analytical solutions can cover some small

limiting regimes [1, 13, 14].

The time-dependent problems are generally simpler than the time-

independent ones and the corresponding version of the ZN formulas is

presented in Section C. This corresponds to the LZ type, since the NT type does not

occur in the time-dependent case.

A. LANDAU–ZENER TYPE OF TRANSITION

The two-dimensionless basic parameters a2 and b2 in terms of the diabatic

potentials are defined as

a2 ¼ �h2

2m

FðF1 � F2Þ
8V3

X

ðA:1Þ

and

b2 ¼ ðE � EXÞF1 � F2

2FVX

ðA:2Þ

with F ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffijF1F2j
p

, where Fjðj ¼ 1; 2Þ, VX , and EX are the slopes of diabataic

potentials, the diabatic coupling, and the energy at the potential crossing,

respectively. These parameters can be reexpressed in terms of the adiabatic

potentials (E1 and E2 with E2 > E1) as given below. This means that the

diabatization of adiabatic potentials are not necessary; besides the transition
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probabilities can be estimated more accurately with use of these parameters

expressed in terms of adiabatic potentials:

a2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � 1

p �h2

mðT0
2 � T0

1 Þ2½E2ðR0Þ � E1ðR0Þ�
ðA:3Þ

and

b2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � 1

p 2E � ½E2ðR0Þ þ E1ðR0Þ�
½E2ðR0Þ � E1ðR0Þ ðA:4Þ

where

d2 ¼ ½E2ðT0
1 Þ � E1ðT0

1 Þ�½E2ðT0
2 Þ � E1ðT0

2 Þ�
½E2ðR0Þ � E1ðR0Þ�2

ðA:5Þ

The position R0 corresponds to the minimum separation of the two adiabatic

potentials, and T0
1 and T0

2 are defined as (see Fig. A.1)

EX ¼ ½E1ðR0Þ þ E2ðR0Þ�=2 ¼ E1ðT0
1 Þ ¼ E2ðT0

2 Þ ðA:6Þ

Figure A.1. Schematic adiabatic potentials and various parameters used in the ZN formulas.

(a) Landau–Zener type. (b) Nonadiabatic tunneling type. Taken from Ref. [9].
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In terms of the Stokes constant U1, the reduced scattering matrix SR can be

quantum mechanically exactly given by

SR ¼ ð1 þ U1U2Þ expð�2isÞ �U2

�U2 ð1 � U�
1U2Þ expð2isÞ

� �
ðA:7Þ

where

U2 ¼ U1 � U�
1

1 þ jU1j2
ðA:8Þ

The overall nonadiabatic transition probability between the two adiabatic states

is given by

P12 ¼ jSR12j2 ¼ 4ðImU1Þ2

ð1 þ jU1j2Þ2
¼ 4pð1 � pÞ sin2 c ðA:9Þ

with

c ¼ argðU1Þ ðA:10Þ

and

p ¼ 1

1 þ jU1j2
ðA:11Þ

where p represents the nonadiabatic transition probability for one passage of the

crossing point. Note that the above expressions are quantum mechanically exact,

as far as the Stokes constant U1 is exact. Below the semiclassical expressions in

the ZN theory are given.

1. Case A: E � EX

The Stokes constant U1, which is actually a function of the parameters, is given

as

U1 ¼
ffiffiffiffiffiffiffiffiffiffiffi
1

p
� 1

s
expðicÞ ðA:12Þ

where

p ¼ exp

�
� p

4a

2

b2 þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b4 þ 0:4a2 þ 0:7

p
� �1=2�

ðA:13Þ
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and

c ¼ sþ fS ¼ s� dc
p

þ dc
p

ln
dc
p

� �
� arg� i

dc
p

� �
� p

4
ðA:14Þ

The parameters s and d are defined in Section A.3 The nonadiabatic transition

amplitude that connects the wave function just before and right after the

transition at the avoided crossing is given by

IX ¼
ffiffiffiffiffiffiffiffiffiffiffi
1 � p

p
expðifSÞ � ffiffiffi

p
p

expðis0Þffiffiffi
p

p
expð�is0Þ

ffiffiffiffiffiffiffiffiffiffiffi
1 � p

p
expð�ifSÞ

� �
ðA:15Þ

2. Case B: E � EX

The Stokes constant U1 is given by

ReU1 ¼ cosðsÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bðs=pÞ

p
expðdÞ � g1 sin2ðsÞ expð�dÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Bðs=pÞp
( )

ðA:16Þ

and

ImU1 ¼ sinðsÞ Bðs=pÞ expð2dÞ � g2
1 sin2ðsÞ cos2ðsÞ expð�2dÞ

Bðs=pÞ
�

þ 2g1 cos2ðsÞ � g2

�1=2

ðA:17Þ

The probability p is given by

p ¼ ½1 þ Bðs=pÞ expð2dÞ � g2 sin2ðsÞ��1 ðA:18Þ

where

g1 ¼ 1:8ða2Þ0:23
expð�dÞ ðA:19Þ

g2 ¼ 3s
pd

lnð1:2 þ a2Þ � 1

a2
ðA:20Þ

and

BðXÞ ¼ 2pX2X expð�2XÞ
X�2ðXÞ ðA:21Þ
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3. Definitions of r, d, and dw

These parameters introduced above are defined here. The expressions of s and d
are dependent on the energy as described below. Since s0 and d0, which appear

below, and the parameter dc are common in the all energy regions, these are

defined first.

dc ¼ d 1 þ 5a1=2

a1=2 þ 0:8
10�s

� �
ðA:22Þ

s0 þ id0 �
ðR�

R0

½K1ðRÞ � K2ðRÞ�dR ’
ffiffiffi
2

p
p

4a

Fc
� þ iFc

þ
F2þ þ F2�

ðA:23Þ

where

F	 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðb2 þ g1Þ2 þ g2

q
	 ðb2 þ g1Þ

r

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðb2 � g1Þ2 þ g2

q
	 ðb2 � g1Þ

r
ðA:24Þ

Fc
þ ¼ Fþ½b2 ! ðb2 � b2

cÞ� ðA:25Þ
Fc
� ¼ F�ðg2 ! g02Þ ðA:26Þ
g1 ¼ 0:9

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � 1

p
ðA:27Þ

and

g2 ¼ 7

16

ffiffiffiffiffi
d2

p
ðA:28Þ

with

b2
c ¼

0:16bxffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ b4

p ðA:29Þ

g02 ¼ 0:45
ffiffiffiffiffi
d2

p

1 þ 1:5 expð2:2bxjbxj0:57Þ ðA:30Þ

and

bx ¼ b2 � 0:9553 ðA:31Þ

Now, s and d are given below:

(a)When E � E2ðR0Þ,

s ¼
ðR0

T1

K1ðRÞdR�
ðR0

T2

K2ðRÞdRþ s0 ðA:32Þ
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and

d ¼ d0 ðA:33Þ

(b) When E � E1ðR0Þ,

s ¼ s0 ðA:34Þ

and

d ¼ �
ðT1

R0

jK1ðRÞjdRþ
ðT2

R0

jK2ðRÞjdRþ d0 ðA:35Þ

(c) When E1ðR0Þ < E < E2ðR0Þ

s ¼
ðR0

T1

K1ðRÞdRþ s0 ðA:36Þ

and

d ¼
ðT2

R0

K2ðRÞdRþ d0 ðA:37Þ

B. NONADIABATIC TUNNELING-TYPE OF TRANSITION

The two parameters a2 and b2 in terms of diabatic potentials are the same as

Eqs.(A.1) and (A.2). In terms of adiabatic potentials, however, they are

differently defined as

a2 ¼ ð1 � g2Þ�h2

mðRb � RtÞ2ðEb � EtÞ
ðA:38Þ

and

b2 ¼ 2E � ðEb þ EtÞ
Eb � Et

ðA:39Þ

where

g ¼ Eb � Et

E2ðRbþRt

2
Þ � E1ðRbþRt

2
Þ ðA:40Þ
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The reduced scattering matrix in terms of the Stokes constant U1 is given

quantum mechanically exactly as

SR ¼ 1

1 þ U1U2

expði�11Þ U2 expði�12Þ
U2 expði�12Þ expði�22Þ

� �
ðA:41Þ

where

U2 ¼ U1 � U�
1

jU1j2 � 1
ðA:42Þ

Note that the Stokes constants are naturally different from those in the LZ type of

transition. Both Rt and Et (Rb and Eb) represent the position and energy of the top

(bottom) of the lower (upper) adiabatic potential (see Fig. A.1). The suffices 1

and 2 of the S matrix designate not the adiabatic potential, but the regions in

coordinate space with respect to the potential crossing. Namely, the off-diagonal

element S12 represents the transmission through the crossing region. When the

adiabatic potentials are symmetric around the crossing point and Rt ¼ Rb is

satisfied, g becomes unity and the appropriate limit should be taken to define the

parameter a2, which gives

a2 ¼ �h2

4mðEb � EtÞ2

q2E2ðRÞ
qR2

R¼Rb

� q2E1ðRÞ
qR2

����
����
R¼Rt

" #
ðA:43Þ

The semiclassical expressions in the ZN theory are given below for the Stokes

constant and other imporatant physical quantities.

1. Case A: E � Eb

The Stokes cosntant U1 is given by

U1 ¼ i
ffiffiffiffiffiffiffiffiffiffiffi
1 � p

p
expðicÞ ðA:44Þ

where the nonadiabatic transition probability p for one passage of the crossing

point and the phase c are defined as

p ¼ exp � p
4a

2

b2 þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b4 � 0:72 þ 0:62a1:43

p
� �� �

ðA:45Þ

and

c ¼ s� fS ¼ sþ d
p
� d
p

ln
d
p

� �
þ arg� i

d
p

� �
þ p

4
� g7 ðA:46Þ
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with

s ¼
ðTr

2

Tl
2

K2ðRÞdR ðA:47Þ

d ¼ p
16ab

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 þ 10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � b�4

pp
1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � b�4

p ðA:48Þ

and

g7 ¼ 0:23a1=2

a1=2 þ 0:75
40�s ðA:49Þ

The phases appearing in the definition of S matrix are given as

�11 ¼ 2

ðRb

Tl
2

K2ðRÞdR� 2s0 ðA:50Þ

�22 ¼ 2

ðTr
2

Rb

K2ðRÞdRþ 2s0 ðA:51Þ

�12 ¼ s ðA:52Þ

with

s0 ¼ Rb � Rt

2
K1ðRtÞ þ K2ðRbÞ þ ½K1ðRtÞ � K2ðRbÞ�2

3½K1ðRtÞ þ K2ðRbÞ�

" #
ðA:53Þ

Tr
2 and Tl

2 are the turning points on E2ðRÞ (see Fig. A1). The nonadiabatic

transition amplitude to connect the wave functions between the right and the left

sides of the crossing point is given by

IX ¼
ffiffiffiffiffiffiffiffiffiffiffi
1 � p

p
expðifSÞ ffiffiffi

p
p

expðis0Þ
� ffiffiffi

p
p

expð�is0Þ
ffiffiffiffiffiffiffiffiffiffiffi
1 � p

p
expð�ifSÞ

 !
ðA:54Þ

The overall transmission probability from the left to the right or the vice versa is

given by

P12 ¼ 4 cos2ðcÞ
4 cos2ðcÞ þ p2=ð1 � pÞ ðA:55Þ
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2. Case B: Eb � E � Et

The Stokes constant U1 is given by

U1 ¼ i½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þW2

p
expðifÞ � 1�=W ðA:56Þ

with

W ¼ 1 þ g5

a2=3

ð1
0

cos
t3

3
� b2

a2=3
t � g4

a2=3

t

0:61
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 þ b2

p þ a1=3t

� �
dt ðA:57Þ

and

f ¼ sþ arg�ð1=2 þ id=pÞ � d
p

lnðd
p
Þ þ d

p
� g3 ðA:58Þ

where

s ¼ �ð1 � b2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5 þ 3b2

p
ffiffiffiffiffi
a2

p 0:057ð1 þ b2Þ0:25 þ 1

3

� �
ðA:59Þ

d ¼ ð1 þ b2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5 � 3b2

p
ffiffiffiffiffi
a2

p 0:057ð1 � b2Þ0:25 þ 1

3

� �
ðA:60Þ

g3 ¼ 0:34a0:7ða0:7 þ 0:35Þð0:42 þ b2Þ
a2:1 þ 0:73

2 þ 100b2

100 þ a2

� �0:25

ðA:61Þ

g4 ¼
ffiffiffiffiffi
a2

p
� 3b2ffiffiffiffiffi

a2
p

þ 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:23 þ b2

p
ðA:62Þ

and

g5 ¼ 0:38ð1 þ b2Þ1:2�0:4b2

=a2 ðA:63Þ

The phases appearing in the definition of S-matrix are defined as

�11 ¼ s� 2s0 ðA:64Þ
�22 ¼ sþ 2s0 ðA:65Þ
�12 ¼ s ðA:66Þ

and

s0 ¼ � 1

3
ðRt � RbÞK1ðRtÞð1 þ b2Þ ðA:67Þ
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The overall transmission probability takes the form

P12 ¼ W2

1 þW2
ðA:68Þ

3. Case C: E � Et

The Stokes constant U1 is given by

ReU1 ¼ sinð2sÞ 0:5
ffiffiffiffiffi
a2

p

1 þ
ffiffiffiffiffi
a2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bðsc=pÞ

p
expð�dÞ þ expðdÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Bðsc=pÞ
p

" #
ðA:69Þ

and

ImU1 ¼ cosð2scÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðReU1Þ2

sin2ð2scÞ
þ 1

cos2ð2scÞ

s

� 1

2 sinðscÞ
ReU1

cosðscÞ
����

���� ðA:70Þ

where

sc ¼ sð1 � g6Þ ðA:71Þ

s ¼ p
16ajbj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 þ 10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � b�4

pp
1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � b�4

p ðA:72Þ

d ¼
ðTr

1

Tl
1

jK1ðRÞjdR ðA:73Þ

and

g6 ¼ 0:32 � 10�2=a2

expð�dÞ ðA:74Þ

Tr
1 and Tl

1 are the turning points on E1ðRÞ (see Fig. A1). The phases appearing in

the definition of S-matrix are

�11 ¼ �22 ¼ �12 ¼ �2s ðA:75Þ

In this energy region, physically meaningful quantities are the overall transmission

and reflection probabilities. The transmission probability is given by

P12 ¼ Bðsc=pÞ expð�2dÞ
1 þ 0:5

ffiffiffiffi
a2

p
1þ
ffiffiffiffi
a2

p Bðsc=pÞ expð�2dÞ
h i2

þBðsc=pÞ expð�2dÞ
ðA:76Þ
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This expression contains both effects of quantum mechanical tunneling

(exp½�2d� is the Gamov factor) and nonadiabatic transition that is represented

by the factor sc. This transmission probability is always smaller than the

ordinary tunneling probability through the lower adiabatic potential with the

nonadiabatic coupling effect neglected. When the diabatic coupling is infinitely

strong, namely, a2 ! 0, the above transmission probability goes to the ordinary

potential penetration probability ¼ expð�2dÞ=½1 þ expð�2dÞ�.

C. TIME-DEPENDENT VERSION OF THE

ZHU–NAKAMURA FORMULAS

The formulas derived in the time-independent framework can be easily

transferred into the corresponding time-dependent solutions. The formulas in

the time-independent linear potential model, for example, provide the formulas

in the time-dependent quadratic potential model in which the two time-dependent

diabatic quadratic potentials are coupled by a constant diabatic coupling [1, 13,

147]. The classically forbidden transitions in the time-independent framework

correspond to the diabatically avoided crossing case in the time-dependent

framework. One more thing to note is that the nonadiabatic tunneling (NT) type of

transition does not show up and only the LZ type appears in the time-dependent

problems, since time is unidirectional.

The following replacements of the parameters in the time-independent ZN

formulas are good enough for the transfer.

a2 , a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � 1

p
�h2

2V2
0 ðt2t � t2bÞ

ðA:77Þ

b2 , b ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � 1

p t2t þ t2b
t2t � t2b

ðA:78Þ

and

sþ id ¼ 1

�h

ðtb
0

EþðtÞdt �
ðtt

0

E�ðtÞdt þ
ffiffiffi
b
a

r
þ�1

" #
ðA:79Þ

with

�1 ¼ t0 � ðtb þ ttÞ=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðb2 þ iÞ

q
ðtb � ttÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

d2 � 1

r
þ 1

2
ffiffiffi
a

p
ði

0

1 þ t2

t þ b

� �1=2

dt ðA:80Þ

V0 ¼ 1

2
½Eþðt0Þ � E�ðt0Þ� ðA:81Þ

206 hiroki nakamura



and

d2 ¼ ½EþðtbÞ � E�ðtbÞ�½EþðttÞ � E�ðttÞ�
Eþðt0Þ � E�ðt0Þ ðA:82Þ

where E	ðtÞ are the adiabatic potentials with Eþ > E�, tbðttÞ is the bottom (top)

of the adiabatic potential EþðtÞðE�ðtÞÞ, t0 is the position at which the adiabatic

energy difference becomes minimum. When the complex integral is annoying,

then the following formula can be used

sþ id ¼ 1

�h

ðt0
0

EþðtÞdt �
ðt0

0

E�ðtÞdt þ�

� �
ðA:83Þ

with

� ¼
ffiffiffi
2

p
p

4
ffiffiffi
a

p Fc
� þ iFc

þ
F2þ þ F2�

ðA:84Þ

where Fc
	 are the same as those defined by Eqs. (A.24–A.31).
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I. INTRODUCTION

It is with a certain amount of hubris that chemists seek to uncover the mechanism

of a chemical reaction. In truth, in an ensemble of reactant molecules the

variation in initial positions and momenta of the reactants launches each

occurrence of the reaction in a unique path on the potential energy surface (PES).

The veracity of a mechanism we assign to a particular reaction will therefore

depend on the extent to which an ensemble of such trajectories deviates from the

canonical path described by the mechanism. In cases where deviations from a

proposed canonical mechanism are extreme, the very concept of a mechanism

may be misleading, imposing our desire for regularity on a chaotic process.

In most cases, however, simplifying the true details of an ensemble of reacting

molecules to a reaction mechanism adds insight that outweighs the errors we

make in this abstraction.

We can construct and constrain a reaction mechanism based on kinetics

experiments that measure thermally averaged rate coefficients, equilibrium

constants, and product branching ratios as a function of temperature and

pressure [1]. Chemical dynamics experiments conducted under single-

collision conditions provide measurements of reaction cross-sections, product

branching ratios, product state and angular distributions [2], and vector

correlations [3] that help define mechanisms. These approaches generally

probe the reactants or products directly and infer the behavior of reaction

intermediates whose details are encoded in the data. In complement, a number

of time- [4] and frequency-domain [5] experiments can directly probe reaction

intermediates and provide important clues to the reaction mechanism. Finally,

electronic structure calculations [6] of the potential energy surfaces on which

reactions occur, coupled with statistical or dynamical calculations predicting

the progress of reactions on these surfaces [7], play a role of ever-increasing

importance in determining reaction mechanisms. These theoretical methods

are especially attractive because of their flexibility to predict observables

of the reaction that may be very difficult to actually determine in the

laboratory.

Of all these observables, perhaps the most fundamental are product

branching ratios that define which products are formed and in what quantities.

Normally, each product branching fraction is assumed to be proportional to the

flux though a particular path on the PES leading from reactants to products.

However, it is possible that the products emerging from a single exit channel

have been generated from the reactants via more than one distinct pathway on

the potential energy surface. While the concept of multiple pathways leading to

a single product channel is not new, the difficulty of observing this phenomenon

in the laboratory has, until recently, limited the discovery of such systems.

Recent advances in both experiment and theory have shown that multiple

pathways leading to a single product channel are more common than previously
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thought. Studying the participation of multiple pathways in chemical reactions

provides a stringent test of a proposed reaction mechanism, and has in some

cases resolved long-standing quandaries relating experimental observations to

reaction mechanisms [8].

A. Product Branching versus Pathway Branching

The product branching ratio fn is defined as the quantity of each chemically

distinguishable set of reaction products n compared to the quantity of all

products. As an example, consider the hypothetical reaction

Aþ ABA! AAþ BA f1 ¼ 0:3 ð1Þ
! AAB þ A f2 ¼ 0:7 ð2Þ

in which we postulate product channel (1) represents 30% of the total products.

In this example, if the three identical atoms ‘‘A’’ are distinguished with

subscripts, a pathway branching ratio gnm can be defined for each product

channel

Aa þ AbBAc ! AaAb þ BAc g1a ¼ 0:9 ð1aÞ
! AaBþ AbAc g1b ¼ 0:1 ð1bÞ

Pathways (1a) and (1b) are both part of product channel (1), but their formation

mechanisms are different. In this example, path (1a) represents 90% of channel

(1) and may be formed through abstraction by atom Aa of atom Ab from the

triatomic reactant, whereas in path (1b) Aa could add to B followed by

elimination to form AaBþ AbAc. This example demonstrates why experimental

detection of pathway branching is usually difficult; pathways (1a) and (1b) lead

to chemically identical products, even though they represent dramatically

different chemical mechanisms.

In most cases, the observables measured in the study of a chemical reaction

are interpreted under the following (often valid) assumptions: (1) each product

channel observed corresponds to one path on the PES, (2) reactions follow the

minimum energy path (MEP) to each product channel, and (3) the reactive flux

passes over a single, well-defined transition state. In all of the reactions

discussed in this chapter, at least one, and sometimes all of these assumptions,

are invalid.

The following sections discuss classes of reactions in which multiple

pathways appear, outline methods of probing and predicting their behavior,

provide representative examples of such reactions, and examine the

ramifications of multiple pathways on our understanding of reaction

mechanisms.
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II. CLASSES OF REACTIONS EXHIBITING MULTIPLE

PATHWAYS

While the classes listed below may not be truly comprehensive, they represent

useful distinctions to categorize pathway competition. Furthermore, these classes

are not mutually exclusive; some reactions share attributes of more than one

class.

A. Abstraction versus Addition–Elimination

Many chemical reactions can be classified by either abstraction or addition–

elimination mechanisms. Abstraction mechanisms are common in the reaction of

radicals with closed-shell species, such as the reaction

OHþ H2 ! Hþ H2O ð3Þ

in which the hydroxyl radical abstracts an H atom from molecular hydrogen.

These reactions often have a significant potential energy barrier that must be

overcome by translational or internal energy in order for reaction to succeed. In

the case of radical–radical reactions, abstraction mechanisms usually have no

entrance barrier, as in the reaction

Hþ CH2CH! H2 þ HCCH ð4Þ

In either case, abstraction mechanisms are direct (no long-lived collision

complex is formed), have small entropy costs (‘‘loose’’ transition states), and

typically deposit large amounts of vibrational energy in the newly formed bond

while the other bonds in the system act largely as spectators.

By contrast, addition–elimination mechanisms in their simplest form begin

with formation of an addition complex resulting from a well on the PES,

followed by dissociation of the complex, yielding products. Both the entrance to

and exit from the well may be hindered by barriers on the PES. Addition

mechanisms are uncommon in radicalþ saturated closed-shell reactions due to

the difficulty of bond formation with the saturated species (ion–molecule

reactions are exceptions). By contrast, additions are more common in

radicalþ unsaturated closed-shell species, where the double or triple bond

allows a low barrier or barrierless pathway for addition of the radical into the

p-bond of the stable species, such as the reaction

CHþ HCCH! cyclic-C3H3 ð5Þ

Addition is even more facile in radicalþ radical reactions due to the usually

barrierless formation (on the singlet-coupled surface) of a chemical bond
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between the two unpaired electrons, as in the reaction

Hþ HCO! H2CO ð6Þ

The collision complex is, by necessity, always formed with sufficient energy to

dissociate back to reactants. If the barrier(s) to product formation are at or below

the reactant energy, the complex may eliminate a fragment to form products.

During the lifetime of the collision complex, the energy liberated by formation of

the adduct may partially or completely randomize within the internal degrees of

freedom of the complex. This process is known as intramolecular vibrational

redistribution (IVR). Generally, addition–elimination mechanisms have higher

entropy costs (‘‘tight’’ transition states) compared to abstraction, and typically

produce products with a more statistical distribution of energy among their

vibrational modes.

Pathways through abstraction and addition–elimination mechanisms may

lead to the same product channel. However, they will only compete significantly

when the energy and entropy barriers (or free energy barriers �G ¼
�H � T�S) for the two mechanisms are comparable. In these cases, they

make excellent candidates for multiple pathway studies because several

experimental approaches discussed in Section III are suited to detect the

competition.

B. Participation of Identical Atoms

Multiple pathways leading to the same product channel can also be observed in

a reaction when there are a sufficient number of identical atoms, thereby

allowing different intermediate structures to yield the same products. In these

cases, the mechanisms in the two pathways are often quite similar, but involve

differing positions of identical atoms on the reactants. The different pathways

often involve formation of ring intermediates in which the rings have

different sizes. A simple example of this class is the photodissociation of

vinyl chloride [9]

H2CCHaClþ 193 nm! H2CCþ HaCl! HCCHþ HaCl ð7aÞ
! HCCHa þ HCl ð7bÞ

in which atom Ha has been labeled for clarity. After internal conversion to the

ground electronic state, vinyl chloride can decompose via either a three-center

(a, a) or a four-center (a, b) elimination. The first pathway formally yields

vinylidene (H2CC), which will rapidly isomerize to acetylene [10], resulting in

the same products as the four-center elimination.

The possibility of multiple pathways arising from identical atoms becomes

greater as the total number of atoms increases because the possibility to form
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rings with varying numbers of atoms increases. However, ring-forming

intermediates are not the only mechanisms that make use of identical atoms.

The reactions CDþ3 þ C2H6 and HO2 þ O3 discussed in Section Valso owe their

multiple pathways to the participation of identical atoms, despite having no ring

intermediates.

C. Avoiding the Minimum Energy Path

A reaction may have one and often many wells on its potential energy surface.

Although the deepest well could lie in a remote part of configuration space,

separate from the seemingly logical path from reactants to products, generally it

lies on an intuitively reasonable path to the exit channel. The forces acting on the

reactants in the entrance channel usually pull the reactants along the minimum

energy path toward the first well. Due to the large density of states in a deep well

on the PES, a trajectory may spend significant time trapped as a collision

complex over this well until sufficient energy migrates to a coordinate that leads

out of the well.

The definition of the MEP is generally identical to the intrinsic reaction

coordinate (IRC) [11, 12]. The IRC is the steepest descent path from

reactants or products into wells, or from transition states into the wells they

separate. An ambiguity arises when a deep well on the potential energy

surface does not lie on the steepest descent pathway described above, but is

separated by a barrier (however small) from the IRC. It may make sense,

especially in cases where the kinetic energy in this region is larger than the

barrier height blocking access to this well, to include this well in the

definition of the MEP.

However, deep potential wells, including those on the MEP, may be avoided

in the reaction mechanism. Forces exerted on the downhill slope of saddle

points or ridges on the PES can impart sufficient velocity (both magnitude and

direction) to steer the trajectory past a well, just as a skilled kayaker can avoid a

whirlpool in the middle of a river by choosing an appropriate velocity well

before the whirlpool is encountered. Multiple pathways can arise when the

initial conditions upon surmounting the barrier either facilitate or hinder the

avoidance of the well. The reaction OH� þ CH3F discussed in Section V is an

example of this phenomenon.

Reactions without wells can also exhibit multiple pathways due to deviation

from the MEP. While many trajectories may follow the MEP over a saddle

point, alternative pathways arise when forces on the PES steer away from the

saddle point, typically into relatively flat regions of the PES, before finding an

additional path to the same exit channel. The ‘‘roaming’’ mechanisms recently

elucidated in the photodissociation of formaldehyde and acetaldehyde, and the

reaction of CH3 þ O, are examples of this phenomenon, and are discussed in

Section V.
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D. Contribution of Multiple Electronic States

Reactions occurring on two (or more) electronic states can lead to the same

product asymptote. These pathways may occur if more than one electronic state

correlates adiabatically to the same asymptote (e.g., single or triplet coupling of

two approaching species), or if nonadiabatic transition(s) move population from

one state to another. Here, I make the distinction that products of the same

structural formula do not represent the same exit channel if they are produced in

different electronic states. For example, in the reaction

C2HðX2�þÞ þ Oð3PÞ ! CHðA2�Þ þ COðX1�þÞ ð8aÞ
! CHðX2�Þ þ COðX1�þÞ ð8bÞ

the two different electronic states of CH formed constitute two different product

channels for the purpose of this chapter. In a similar way, reactions that begin on

two different electronic surfaces and terminate at a single asymptote, such as

C2ðX1�þg Þ þ HCCHðX1�þg Þ ! C4HðX2�þÞ þ Hð2SÞ ð9aÞ
C2ða3�uÞ þ HCCHðX1�þg Þ ! C4HðX2�þÞ þ Hð2SÞ ð9bÞ

are not classified as having multiple pathways to a single product channel.

Although this distinction is somewhat arbitrary, molecules in different electronic

states exhibit such widely varying properties and reactivity that it seems justified

to treat them as different reactive species. We will therefore only consider

pathway competitions in which reaction begins on a single electronic state, and

ends on a single (possibly different) electronic state, with branching to more than

one electronic state during the course of the reaction.

Multiple pathways to the same product channel therefore occur via

nonadiabatic transitions that lead from the initial electronic state to at least

one other electronic state before converging on the product asymptote. Two

examples are presented in this chapter: the photodissociations CH2O!
Hþ HCO and H2O! Hþ OH. There is evidence of similar effects in the

photodissociation HNCO! Hþ NCO [13].

III. METHODS AND OBSERVABLES

It is challenging experimentally to study two pathways leading to a single

product channel for the simple reason that the products in either case are

structurally identical. Nevertheless, there are several methods, each applicable to

certain classes of reactions, that can distinguish the presence of multiple

pathways.
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A. Isotopic Labeling

The most straightforward experimental approach is isotopic labeling of certain

atoms in the reactants. The detection method must distinguish between the

possible isotopologs of the products. For example, in the reaction

Hþ H2O! H2 þ OH ðdirect H abstractionÞ ð10aÞ
! ½H3O�� ! H2 þ OH ðaddition��eliminationÞ ð10bÞ

the two mechanistic pathways could be distinguished if the reaction were

labeled.

Hþ D2O! HDþ OD ðdirect D abstractionÞ ð11aÞ
! ½HD2O�� ! D2 þ OH ðaddition��eliminationÞ ð11bÞ

Detection of products by mass spectrometry can separate the different product

isotopologs according to their different mass-to-charge (m/z) ratios. Optical

spectroscopy can separate the isotopologs due to the mass-dependent shift of

rovibrational energy levels, and hence radiative transitions, upon isotopic

substitution. Both techniques can provide quantitative measurement of the

pathway branching fractions gnm. The isotopic labeling method typically

provides the highest accuracy in measuring pathway branching fractions. These

techniques have a long history in examination of reaction pathways, as

demonstrated by the investigations of thermal and photochemical decomposition

of acetaldehyde beginning in the 1940s [14].

In reactions (10) and (11), the two mechanistic pathways will also likely

yield distinguishable product state distributions in the H2 and OH products,

offering another method for separation of the pathway contributions. However,

when competing pathways have qualitatively similar mechanisms, for example,

when both pathways are dominated by deep wells on the potential energy

surface, isotopic labeling may be the only method to distinguish the

contributions. In such cases, intramolecular vibrational redistribution of energy

among the internal modes of the complex will usually be efficient, and hence the

state distributions of the final products may be quite similar.

A disadvantage of this technique is that isotopic labeling can cause unwanted

perturbations to the competition between pathways through kinetic isotope

effects. Whereas the Born–Oppenheimer potential energy surfaces are not

affected by isotopic substitution, rotational and vibrational levels become more

closely spaced with substitution of heavier isotopes. Consequently, the rate of

reaction in competing pathways will be modified somewhat compared to the

unlabeled reaction. This effect scales approximately as the square root of the

ratio of the isotopic masses, and will be most pronounced for deuterium or
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tritium substitution for hydrogen. Near channel thresholds, the differences in

zero-point energy between isotopologs can have significant effects [15]. For

heavier atoms the isotope effects are typically quite small, and in general the

information gained from isotopic labeling outweighs the potential perturbations

caused by isotope effects.

A limitation of isotopic labeling is that it is only useful for distinguishing

competing pathways in which identical atoms are distributed among different

product molecules. For example, in photodissociation of H2CO, the products

H2 þ CO may form via a three-center elimination transition state, or via a

recently discovered ‘‘roaming’’ mechanism8 that does not involve this transition

state. Because the identical atoms in the reactant are present in only one of the

bimolecular products (H2), isotopic labeling is not helpful in distinguishing

between the pathways.

B. Final State Distributions

In cases where two pathways to a single product channel arise from qualitatively

different mechanisms, the final state distributions of the products may be

sufficiently different to delineate and even quantify competing pathways.

Depending on the mechanisms in play, useful information may come from

many product distributions including translational energy, vibrational, rotational,

and fine-structure (e.g., lambda-doubling) distributions, angular distributions,

and correlations of vector quantities (e.g., velocity with angular momentum)

among the products. Many experimental techniques are capable of state-specific

detection of products, some of which will be discussed in Section V. Typically,

these experiments are conducted at sufficiently low pressures, or with sufficiently

fast time resolution, that the products may be probed before collisions modify the

final state distribution.

For a useful separation of pathways, the variation in final state distributions

within each pathway must be at least somewhat smaller than the variation

between pathways. The aforementioned dissociation of H2CO provides a perfect

example of this technique, in which the H2 produced through the three-center

elimination leads to extensive rotational excitation of CO, with only moderate

vibrational excitation of H2. By contrast, the competing pathway involving

‘‘roaming’’ of one H atom leaves much less energy in CO rotation, with very

significant vibrational excitation of H2 [8].

Several general trends can be established for the interpretation of final-state

distributions. Significant translational energy (ET) deposited into the products,

especially if the translational energy distribution P(ET) peaks well away from

ET ¼ 0, is indicative of a pathway surmounting an exit barrier that is a

significant fraction of the total available energy. Despite the fact that the

reaction coordinate is only one of many degrees of freedom on the PES, the

downhill gradient established by the barrier along the reaction coordinate
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provides a ‘‘kick’’ to the departing fragments, effectively channeling potential

energy into translation. By contrast, a P(ET) distribution in which zero

translational energy is the most probable is indicative of an exit channel where a

well on the PES is connected with little or no barrier to the product asymptote.

Product vibrational excitation greater than expected by equipartition of

available energy among product vibrational modes is a common signature of

‘‘direct’’ processes proceeding over potential barriers (e.g., abstraction

pathways) in which there is no long-lived complex immediately preceding the

exit channel. The time spent following such pathways is generally too short for

equilibration of energy among the degrees of freedom. In these cases, the

vibrational distribution may be ‘‘inverted’’, that is, the most probable vibrational

quantum number n in a given mode is not n ¼ 0. In an equilibrium harmonic

vibrational distribution (i.e., described by a temperature) the population of

vibrational levels P(n) (with energies measured from the zero-point level) is

given by [16]

PðnÞ ¼ expð�hnn=kBTÞ=f1� expð�hn=kBTÞg ð12Þ

This function decreases monotonically with increasing vibrational quantum

number n, and hence an inverted vibrational distribution can never be described

with a temperature (except for degenerate vibrations). A P(n) distribution that is

‘‘thermal’’, or at least not inverted, is indicative of a well on the PES that is

connected with little or no barrier to the product asymptote.

The degree of vibrational excitation in a newly formed bond (or vibrational

mode) of the products may also increase with increasing difference in bond

length (or normal coordinate displacement) between the transition state and the

separated products. For example, in the photodissociation of vinyl chloride [9]

(reaction 7), the H��Cl bond length at the transition state for four-center

elimination is 1.80 Å, whereas in the three-center elimination, it is 1.40 Å. A

Franck–Condon projection of these bond lengths onto that of an HCl molecule

at equilibrium (1.275 Å) will result in greater product vibrational excitation

from the four-center transition state pathway, and provides a metric to

distinguish between the two pathways.

Product rotational excitation is enhanced when two fragments separate from

a reaction intermediate with their centers of mass not aligned with the breaking

bond. A torque may then be exerted on one fragment or both fragments that

evolves into asymptotic product rotation. This kinematic effect accounts for the

large rotational excitation of HCl in the three-center elimination from vinyl

chloride. Product rotation can also result from angular anisotropy in the exit

channel of the PES. For example, in the dissociation of the linear molecule

ABC! Aþ BC, if the minimum energy path for breaking the A��B bond also

involves a decrease in the angle ABC, rotational excitation will be imparted to

222 david l. osborn



fragment BC even if there is not a significant impulse along the A��B bond.

Similar effects have been observed in bimolecular reactions, for example, in the

reactions of chlorine atoms with amines, in which exit channel interactions play

a significant role in HCl rotational distributions [17].

The angular distribution of product fragments in a crossed-molecular-beams

experiment, or a unimolecular photodissociation experiment, can provide

information on the lifetime of the reaction intermediates. Roughly speaking, an

isotropic angular distribution of fragments implies that the reaction pathway

involves an intermediate that lives longer than its rotational period, while an

anisotropic distribution is indicative of a short-lived, ‘‘direct’’ process.

Abstraction or rebound pathways are typically described by the latter case,

while dissociation from a well on the potential surface allows sufficient time for

rotation of the complex that the angular distribution is isotropic.

Finally, fine-structure distributions and vector correlations between departing

fragments can provide important distinctions between competing reaction

pathways. Fine-structure distributions, such as the lambda doublet population

ratio of OH radical products, can be probed by optical spectroscopy. In this

example, transitions accessing different lambda-doublet states probe whether the

unpaired electron is located in the plane or perpendicular to the plane of OH

rotation. Vector correlations between departing products can probe the alignment

and orientation of fragments with respect to each other [3]. For example, in the

hypothetical photodissociation ABCD! ABþ CD, if the velocity vector of the

two separating fragments is parallel to the angular momentum vector of AB, we

can conclude that this fragment’s rotational motion is aligned to the dissociation

axis in the same way a propeller is aligned to the fuselage of an airplane.

Conversely, a perpendicular correlation means that AB departs with the alignment

of a discus with respect to the relative velocity vector. Polarized lasers utilized in

ion imaging or optical spectroscopy experiments can effectively probe these final

state signatures of pathway details [18].

C. Transient Probing of Intermediates

A qualitatively different approach to probing multiple pathways is to interrogate

the reaction intermediates directly, while they are following different pathways

on the PES, using femtosecond time-resolved pump–probe spectroscopy [19]. In

this case, the pump laser initiates the reaction, while the probe laser measures

absorption, excites fluorescence, induces ionization, or creates some other

observable that selectively probes each reaction pathway. For example, the ion

states produced upon photoionization of a neutral species depend on the Franck–

Condon overlap between the nuclear configuration of the neutral and the various

ion states available. Photoelectron spectroscopy is a sensitive probe of the

structural differences between neutrals and cations. If the structure and

energetics of the ion states are well determined and sufficiently diverse in
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structure, then the time-resolved photoelectron spectra [20, 21] could reveal

signatures of two different intermediate structures, representing two different

pathways on the PES. Transient absorption spectroscopy and other femtosecond

time-resolved techniques may also be applicable to this problem.

In principle, these approaches are very attractive because they probe multiple

pathways in the critical regions where the pathways are separated, but in

practice these are extremely challenging experiments to conduct, and the

interpretation of results is often quite difficult. Furthermore, these experiments

are difficult to apply to bimolecular collisions because of the difficulty of

initiating the reaction with sufficient time resolution and control over initial

conditions.

D. Kinetics Methods

A final technique that deserves mention is the measurement of reaction rate

coefficients k(T, p) as a function of temperature and pressure. Here the rate of

formation of products (or, more commonly decay of reactants) is monitored

under thermal equilibrium conditions as a function of temperature, pressure, and

composition of the bath gas. Again, several general principles that help

distinguish between mechanistic pathways can be observed. For example,

reactions with rates decreasing with increasing temperature generally have no

barrier to association of reactants, while an increasing rate with increasing

temperature implies that a barrier to reaction must be surmounted. Similarly, the

rate of reactions without significant wells on the potential energy surface (and

hence without long-lived complexes) typically display no dependence on

pressure or composition of the bath gas, because the time between collisions

with the surrounding gas is longer than the reaction time.

While there is no argument that the behavior of the reaction rate as a function

of temperature and pressure is a measure of the reaction mechanism, by their

nature these measurements are thermal averages over all initial and final states.

Because of this averaging, it is quite difficult to determine details of two

independent pathways leading to the same product channel from measurements

of k(T, p) alone. Instead, one measures the average behavior of two competing

pathways. However, if, over the range of temperatures and pressures studied, the

mechanism changes from one dominant pathway to another, with a competition

region between, the influence of competing pathways may be discerned [22].

IV. THEORETICAL METHODS

The value of theoretical investigation for determining competing reaction

pathways leading to a single product channel cannot be overestimated.

Theoretical approaches have a distinct advantage over experiment in that the

labeling of atoms in the reaction is straightforward. Different pathways to a
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product channel are now easily distinguished. Indeed, it is almost universally true

that pathway branching studies are either a combination of experiment and

theory, or consist purely of theoretical evidence.

A. Electronic Structure: Global Potential Energy Surfaces

The first step in theoretical predictions of pathway branching are electronic

structure (ab initio) calculations to define at least the lowest Born–Oppenheimer

electronic potential energy surface for a system. For a system of N atoms, the

PES has (3N � 6) dimensions, and is denoted VðR1;R2; . . . ;R3N�6). At a

minimum, the energy, geometry, and vibrational frequencies of stationary points

(i.e., asymptotes, wells, and saddle points where qV=qRi ¼ 0) of the potential

surface must be calculated. For the statistical methods described in Section IV.B,

information on other areas of the potential are generally not needed. However, it

must be stressed that failure to locate relevant stationary points may lead to

omission of valid pathways. For this reason, as wide a search as practicable must

be made through configuration space to ensure that the PES is sufficiently

complete. Furthermore, a search only of stationary points will not treat pathways

that avoid transition states.

One way to address this issue is to calculate energies of not only stationary

points, but of a grid of points spanning the configuration space. Given a suffi-

ciently extensive grid of points in the (3N � 6) dimensions, one can be assured of

global coverage of the potential surface. However, such an exhaustive calcula-

tion is only possible for the smallest systems. In these cases, the grid of potential

energy points must be fit to an analytic function for use in classical, quasiclassical,

or quantummechanical calculations. For larger systems, where it is not easy to tell

if the grid is sufficiently dense, some other measure must be used to decide

whether the calculated PES spans all the important regions of the true PES.

Sometimes this measure derives from the skill and intuition of an experienced

theoretician. Alternatively, there are approaches that attempt to overcome the

human bias from this search, one of which is discussed in Section IV.C.

B. Statistical Methods

The development of transition state theory (TST) by Eyring [23] and by Evans

and Polanyi [24] in 1935 allowed calculation of the absolute rates of chemical

reactions using a classical approach built on statistical mechanics. The dividing

surface separating reactants from products defines the critical molecular

configuration known as the transition state. The bold assumption of TST is

that the rate of the chemical reaction depends only on the properties of the

transition state and the isolated reactants; other details of the potential energy

surface are unimportant. Together with the related Rice Ramsberger Kassel

Marcus (RRKM) [25] theory for unimolecular reactions, these statistical theories

have had much success in predicting reaction rates without the burden of

exploring multiple reaction paths 225



calculating the entire PES. Further refinements [26], such as variational TST

[27], the Statistical Adiabatic Channel Model [28], and Variable Reaction

Coordinate TST [29], have allowed more accurate treatment of reactions with

and without barriers. Statistical methods, such as the Prior Distribution [2], Phase

Space Theory [30], and the Separate Statistical Ensembles method [31], predict

product state distributions for comparison with experiment. Finally, some hybrid

methods, such as the Statistical Adiabatic Impulse model [32], convolve the

product state predictions of purely statistical approaches with a simple kinetic

impulsive model to account for dissociation over exit barriers with large amounts

of excess energy.

The ability to probe specific pathways using these statistical approaches

relies completely on the geometric structures determined from the calculated

stationary points of the PES. In other words, the knowledge that, for example,

two particular stationary points represent a three- and four-member ring

intermediate, respectively, allows one to calculate rates, and therefore pathway

branching ratios through these channels.

One disadvantage of statistical approaches is that they rely on two of the

assumptions stated in the introduction, namely, that reactions follow the

minimum energy path to each product channel, and that the reactive flux passes

through a transition state. Several examples in Section V violate one or both of

these assumptions, and hence statistical methods generally cannot treat these

instances of competing pathways [33].

C. Trajectory Calculations

Classical and quasiclassical trajectory calculations are among the best suited

theoretical approaches for calculating and quantifying the importance of

competing pathways to a single product channel. These methods calculate the

progress of a chemical reaction by choosing initial conditions of reactants

(position and momentum) and propagating trajectories of the nuclei along the

potential energy surface by numerical integration of Newton’s equations of

motion. Each trajectory calculated represents one ‘‘run’’ of the reaction. An

ensemble of trajectories can be averaged to obtain product state distributions and

rate coefficients. However, each trajectory can also be analyzed individually and

assigned to a particular canonical pathway on the PES. The ability to observe the

time-dependent position of all the atoms in a trajectory is extremely valuable in

obtaining insight into the mechanistic pathways involved in a reaction. Several

examples of such calculations are given in Section V.

Traditionally, trajectory calculations were only performed on previously

calculated (or empirically estimated) potential energy surfaces. With the

increased computational speed of modern computers, it has also become

possible to employ ‘‘direct dynamics’’ trajectory calculations [34, 35]. In this

method, a global potential energy surface is not needed. Instead, from some
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initial starting point of the positions and momenta of the atoms in a system, a

new trajectory position is calculated from the integration of Newton’s equations.

An electronic structure calculation is performed at this point to find the energy

and gradients along all (3N � 6) coordinates. These gradients define the local

forces at this point on the potential, which are used to predict the next step in the

trajectory. This approach has several advantages and disadvantages compared to

running trajectories on an analytic representation of the PES.

First, because the trajectories themselves define which parts of the PES

are important, no time is wasted calculating regions of the potential that are never

accessed by trajectories. This advantage is especially important as the number of

atoms increases, making calculation of the global (3N � 6) coordinate surface

prohibitively expensive. Indeed, for systems larger than seven or eight atoms, only

direct dynamics calculations are reasonable to attempt with current computational

resources. Second, in the computation of a global PES, compromises must

often be made in how many points are chosen to span configuration space. It is

possible that important, but nonintuitive regions of configuration space may have

few enough points that they are poorly characterized. Such poorly characterized

areas could result in omission of a valid pathway. Finally, the grid of electronic

structure points are typically fit to a multidimensional analytic function for

traditional trajectory calculations. While an analytic representation of the

potential energy optimizes the speed of the trajectory calculation, the fitting can

induce artifacts into the surface that over- or underestimate the depth of wells and

the height of barriers. These artifacts can be avoided in direct dynamics

calculations.

However, the direct dynamics calculations are computationally expensive,

and cannot employ particularly high levels of electron correlation or large basis

sets. If certain regions of the potential cannot be treated to within the required

accuracy using a computationally affordable level of theory, the results may

have unacceptably large errors. Nevertheless, direct dynamics calculations have

played and will play a critical role in the discovery and analysis of competing

pathways in chemical reactions.

One hybrid approach that combines the efficiency of running trajectories on

an analytical PES with the advantages of computing only the important regions

of the surface is the method of ‘‘growing’’ potential energy surfaces of Collins

and co-workers [36]. In this method, the energy, gradients (qV=qRi), and second

derivatives (q2V=qR2
i ) of some chosen initial set of molecular configurations are

calculated. A trial PES is then constructed by interpolation of these data.

Classical trajectory calculations are used to ‘‘explore’’ this PES, and the paths of

the trajectories are used to determine the most important locations for further

energy, gradient, and second derivative calculations. These new points are

incorporated into a newly interpolated potential energy surface, and the process

is repeated until convergence is achieved. Convergence is defined as the
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insensitivity of the calculated observables to the addition of further data points

to the PES. In this method, little time is wasted calculating the potential energy

in regions of configuration space that the dynamics never sample. More effort

can then be spent on the regions of the surface on which the reaction results

most critically depend. Furthermore, the ‘‘growth’’ of the surface, largely

independent of human bias, should reduce the chance that an important region

of configuration space goes unexplored.

Finally, rigorous quantum mechanical scattering calculations, for both

unimolecular and bimolecular reactions, are of course appropriate for studying

pathway competition. However, quantum methods suffer from one technical,

but substantial problem. There is no ‘‘direct quantum’’ equivalent of direct

dynamics trajectories. Instead, quantum calculations require a complete

potential energy surface (although it may be in reduced dimensionality, and

with absorbing boundary conditions), which is generally not feasible for systems

with more than four atoms. For these reasons, quantum mechanical calculations

are likely to play a more limited role in pathway branching studies than

trajectory calculations, although they are employed in the final example given in

Section V.

V. EXAMPLES OF MULTIPLE PATHWAY REACTION

SYSTEMS

This section reviews 10 chemical systems in which multiple pathways to a single

product channel play a role. The systems are chosen to give representative

examples of the classes of reaction described in Section II, rather than an

exhaustive catalog of all reactions in which multiple pathways make a

contribution. The systems are grouped by class, although some reactions fit in

more than one class. The examples begin with systems interrogated by isotopic

labeling, and in which multiple identical atoms enable the pathway competition.

Next, systems amenable to product state distribution studies with competition

between abstraction, addition–elimination, and roaming pathways are reviewed.

Two systems that avoid the minimum energy path, violating an assumption of

TST, are then discussed. Finally, examples are discussed in which multiple

electronic states and quantum interference are active in the dynamics.

A. CDþ3 þ C2H6 : Hydrogen Atom Migration Mechanisms

The exothermic ion molecule reaction

CHþ3 þ C2H6 ! CH4 þ C2H
þ
5 �H � �41 kcal mol�1 ð13Þ

has been described as a classic example of a hydride-transfer reaction [37], in

which a proton from ethane, along with the two electrons in its s bond, are
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transferred to the methyl cation. In a pair of experiments in 1993, Herman,

Bondybey, and co-workers studied both the kinetics [38] and dynamics [39] of

this reaction. They utilized the isotopolog CDþ3 and observed the following

products:

CDþ3 þ C2H6 ! CD3Hþ CH2CH
þ
3 ðhydride transferÞ ð13aÞ

! CD3CH
þ
2 þ CH4 ðmethylene transferÞ ð13bÞ

leading to the initial conclusion that the reaction can follow two pathways: either

the expected hydride transfer, or a methylene (CH2) transfer that in either case

forms methane and an ethyl cation.

The kinetics study [38] utilized a Fourier transform–ion cyclotron resonance

(FT–ICR) mass spectrometer to measure the pathway branching ratios. The

ability to eject selected masses and the extremely high mass resolution of this

technique ensured that the observed CD3CH2
þ was in fact a primary product of

the reaction. Temporal profiles from this reaction are shown in Fig. 1.

Noticeably absent from the mass spectrum are the cations C2D2H3
þ and

Figure 1. Time-resolved profiles of cations from the CDþ3 þ C2H6 reaction at 2.0-eV collision

energy. The decay of CDþ3 and the formation of C2H
þ
5 and CD3CH

þ
2 cations follow pseudo-first-

order kinetics. Reprinted from [38] with permission from Elsevier.
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C2DH4
þ, which would be present if a long-lived intermediate allowed isotopic

scrambling of the hydrogen atoms. In the FT–ICR study at collision energies

< 1 eV, the methylene-transfer channel represented �7% of the pathway

branching forming ethyl cations. This fraction decreased at higher collision

energies.

Having established the presence of two pathways, further evidence of the

pathway mechanisms can be gleaned from the crossed-beam scattering study

[39]. In this experiment, CHþ3 or CDþ3 ions crossed a modulated, thermal beam

of C2H6, and the translational energy and angular distributions of the positive

ions were detected. At a collision energy of 1.7 eV, the crossed-beams study

found a pathway branching of 36% for the methylene-transfer channel that is,

production of CD3CH2
þ. Probability density contour plots of the ethyl cation

fragments are shown in Fig. 2. The most probable translational energy of the

products is 10–12% of the available energy.

The contour plots show predominately forward–backward scattering,

implying that a direct abstraction process is unlikely. However, plots from

the isotopically labeled reaction show a slight propensity for backward

scattering of CH2CH3
þ [Fig. 2(b)], and forward scattering of CD3CH2

þ [Fig. 2

(c)]. The authors interpreted this behavior as evidence of an osculating

complex, that is, an intermediate with an average lifetime of one or a few

rotations of the complex. In this case, the product’s angular distribution retains

a signature of the pathway that formed the product. From analysis of the data

the authors conclude the complex lifetime is �1 ps, or �1–3 rotational periods

of the complex.

These results, combined with the lack of isotopic scrambling in the products,

led the authors to propose mechanisms for the two pathways, as shown in Fig. 3.

The methyl cation attacks any of the H atoms in ethane, leading to a protonated

propane intermediate (C3H9
þ). The global minimum of C3H9

þ is the cyclic

proponium ion, lying �6:4 kcalmol�1 below the products [40]. Evidently,

isomerizations within the C3H9
þ ladder shown in Fig. 3 occur without migrating

D atoms. The more direct route in this mechanism, to CH3CH
þ
2 þ HCD3

products, is consistent with the experimental finding that this pathway is

dominant. Furthermore, the two pathways predict ejection of the ethyl cation

from opposite ends of the C3H9
þ intermediate, in agreement with the slight

forward–backward asymmetry observed in the scattering contour diagrams of

Fig. 2. The �1-ps lifetime deduced for the complex appears consistent with the

competition between the longer isomerization pathway and the short pathway to

CH3CH
þ
2 þ HCD3 products. If the C3H9

þ lifetime were longer, isotopic

scrambling would surely occur, while if the C3H9
þ lifetime were shorter, little

of the CH4 þ CH2CD
þ
3 product would be produced. The branching to this

pathway decreases at high collision energies, where the osculating complex may

be expected to have a shorter lifetime.
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Finally, it is worthwhile to note that the ‘‘methylene-transfer’’ pathway does not

involve direct transfer of a CH2 group. An H atom migration pathway is a more

accurate description of this pathway, given the experimental and theoretical

evidence.

B. HO2 þO3: Dual Abstraction Pathways

Like the previous reaction, multiple pathways in the HO2 þ O3 reaction arise

because of the participation of identical atoms. However, in this case the two

Figure 2. Probability density plots of the ethyl cation product. (a) from the unlabeled reaction,

(b) CH2CH3
þ from the labeled reaction, and (c) CD3CH2

þ from the labeled reaction. The backward

scattered ethyl cation is more probable in (b), while the forward scattered ethyl cation is more

probable in (c). Reprinted from [39] with permission from Elsevier.
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competing pathways are both abstraction mechanisms, commencing on opposite

ends of the HO2 radical.

The HO2 þ O3 reaction is an important contributor to the catalytic loss of

ozone in the lower stratosphere through the cycle

HO2 þ O3 ! HOþ O2 þ O2 ð14Þ
HOþ O3 ! HO2 þ O2 ð15Þ

resulting in a net coversion of two ozone molecules to three O2 molecules per

cycle. The title reaction is also a key step in determining the balance in the HOx

family between highly reactive OH and the much less reactive HO2 radical.

Reaction kinetics studies find a strongly curved Arrhenius plot between 230 and

300 K. Nelson and Zahniser [41] speculated that this curvature might be due to a

mechanism shift between O atom abstraction by ozone at low temperatures, to H

atom abstraction at room temperature. The isotopic labeling scheme they utilized

to distinguish between these two pathways was

H18O18Oþ O3 ! H18Oþ18OOþ O2 ðoxygen abstraction: 5��12%Þ ð16aÞ
O3 þ H18O18O! O2 þ OHþ18O2 ðhydrogen abstraction: 95��88%Þð16bÞ

in which the unlabeled ozone is of natural isotopic abundance (99.3% 16O3),

and their pathway branching results between 226 and 355 K are given in

parentheses.

Nelson and Zahniser used a moveable injector discharge flow apparatus in

these studies, generating the HO2 from the Hþ O2 þM reaction. They detected

both 16OH and 18OH by laser-induced fluorescence, correlating their ratio with

Figure 3. Proposed mechanisms of the CDþ3 þ C2H6 reaction.
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the pathway branching ratio. One possible complication in this scheme is the

participation of isotope scrambling reactions, such as

OH þ18O2 !18OHþ O18O ð17Þ
H18O2 þ O2 ! HO2 þ18O2 ð18Þ
H18O2 þ O3 ! HO2 þ18O18OO ð19Þ

The rates of these three reactions have been measured by Sinha et al. [42], and

are too slow to affect the Nelson and Zahniser experiment.

The measured [16OH]/[18OH] branching ratio versus inverse temperature is

plotted in Fig. 4. If the two species are produced by two parallel pathways, the

total reaction rate is a simple sum of the two pathway-resolved rates. In this

case, the data points in an Arrhenius plot should fall on a straight line with a

slope proportional to the difference in activation energies for the two competing

pathways. A fit to the data in Fig. 4 yields the result that the barrier to O atom

abstraction is 1:0� 0:4 kcalmol�1 larger than for H atom abstraction. Although
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Figure 4. The [16OH]/[18OH] branching ratios versus inverse temperature for the H18O2þ 16O3

reaction. Reprinted with permission from [41]. Copyright 1994 American Chemical Society.
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there is a slight temperature dependence to the pathway branching, its

magnitude is insufficient to account for the non-Arrhenius behavior in the total

rate coefficient of the HO2 þ O3 reaction at low temperatures [43].

These measurements show the sensitivity of the pathway competition to very

small differences in the abstraction barrier heights. Such pathway branching

measurements are quite sensitive to the relative energetics of the potential

energy surface, and can serve as a stringent test to electronic structure

determinations of barrier heights. By the same token, this system demonstrates

that two abstraction pathways will only have a significant competition when the

barrier heights are quite similar.

C. HCCOþO2 : Pathways through Ring Intermediates

The final example of a reaction in which multiple pathways arise from the

participation of identical atoms is the reaction HCCOþ O2. This reaction

demonstrates another general feature of pathway competition when unsaturated

species are involved, namely, the possibilities for formation of ring intermediates

of different sizes.

The ketenyl radical (HCCO) is a key intermediate in the oxidation of

acetylene in flames. It is mainly formed from the Oþ C2H2 ! HCCOþ H

reaction. In lean flames, the HCCOþ O2 reaction is the main pathway for decay

of HCCO, and this reaction has recently been shown to be the source of prompt

CO2 [44, 45].

The reaction has three plausible product channels:

HCCOþ O2 ! Hþ COþ CO2 �H0 ¼ �110:4 kcal mol�1 ð20aÞ
! OCHCOþ O �H0 ¼ �1:3 kcalmol�1 ð20bÞ
! OHþ COþ CO �H0 ¼ �86:0 kcalmol�1½46� ð20cÞ

In a theoretical study, Klippenstein et al. [44] predicted that the Hþ COþ CO2

channel is the dominant product channel in the temperature range 300–2500 K

and pressures up to 100 atm. An experimental study by Osborn [45] concluded

that this channel represents at least 90% of the product branching at 293 K, in

agreement with theory.

The potential energy surface [47] for this reaction (Fig. 5) shows many

potentially competitive pathways, labeledA–F, leading to the twomost exothermic

product channels.Manyof these pathways canbe isotopically separatedby reaction

of 18O2 with HCCO in normal abundance, as diagramed in Fig. 5. Zou and Osborn

used time-resolved Fourier transform emission spectroscopy to detect the CO and

CO2products of this reaction [47].Rotationally resolved infrared (IR) spectroscopy

can easily identify all the possible isotopologs. For example, Fig. 6 shows a single
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spectrum 300 ms after reaction initiation in the CO2 asymmetric stretching region

for the HCCOþ18O2 reaction. The only CO2 product observed is 16OC18O. The

CO product can also be examined, and with higher signal-to-noise than CO2. Only

C18O is observed in the labeled reaction. Kinetic isotope effects in this system are

expected to be negligible due to the small difference in mass of the two oxygen

isotopes and the large amounts of available energy in this reaction.

Referring again to Fig. 5, the reaction proceeds over a small entrance barrier

(1) to the initial adduct (I). Pathways E and F have much higher barriers than the

other pathways available for decomposition of (I), and are therefore assumed to

be negligible. There are three reaction paths (A, C, and D) leading from the

initial adduct to Hþ COþ CO2. These paths involve either a four-membered

OCCO ring (III) or a three-membered OCO ring (II) as reaction intermediates.

There is one remaining path (B), leading to OHþ COþ CO.

The key pathway branching competition in this reaction is the isomerization

of the initial adduct (I) to either the resonantly stabilized four-member ring

intermediate (III), or the three-member ring intermediate (II). Formation of the

four-member ring has a lower energy barrier (saddle point 4), but is more

entropically constrained, as all the internal rotors of the system are eliminated.
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Formation of the three-member ring has a higher barrier w, but its entropy is

higher due to the remaining CO rotor. Decomposition of the three-member ring

via pathway D leads to HC18O2 þ C16O, followed by dissociation of HC18O2

leading to the final products Hþ C18O2 þ C16O.

Figure 6. Time-resolved Fourier transform emission spectrum in the CO2 asymmetric stretch

region from the HCCOþ18O2 reaction. Only signal from 16OC18O is observed. The fit to the data is

shown inverted for clarity along with residuals. The lower panel is magnified along the wavenumber

axis to emphasize the rotational resolution required. Reproduced from [47] by permission of the

PCCP Owner Societies.
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Decomposition of the four-member ring intermediate occurs by breaking the

O��O bond over v, followed by an essentially barrierless breaking of the C��C
bond, yielding HC18Oþ 16OC18O via path A. The weak C��H bond in HCO will

certainly break given the immense exothermicity, leading to the final path A

products Hþ C18Oþ 16OC18O. However, trajectory calculations [44] on this

system show another possibility in the decay of the four-member ring. After the

O��O bond scission over v, the H atom can migrate to the unpaired electron on

the 16O atom. Furthermore, if rotation of the CO2 moiety by 180� occurs, H atom

migration to the 18O atom of the CO2 moiety is also possible. These options lead

to the HOCOþ CO well (intermediate V). With so much internal energy, the

HOCO intermediate is unlikely to decompose to Hþ CO2 over a tight transition

state (path C), and therefore intermediate (V), if it is formed, will decay primarily

via pathway B (over a loose transition state) to the OHþ COþ CO product

channel. This product channel is known to be minor (<10%). Nevertheless, path

B is included in the analysis of the isotopic spectra for completeness.

In summary, pathways A, B, and D are the only pathways at room temperature

that contribute to products. PathwaysAandDboth lead to themainproduct channel

(Hþ COþ CO2), and are isotopically distinguishable,whereas pathwayB leads to

a different product channel, but must be included in the analysis because it affects

the isotope ratios. The observed spectra from the labeled reaction contain only

C18Oand 16OC18O.Therefore, only upper limits can be placedon the isotope ratios.

The three values needed to constrain the three pathways under consideration are the

ratio limits ½C16O�=½C18O� < 0:16 and ½18OC18O�=½16OC18O� < 0:30, and the

limit that the total OHþ COþ CO production is <0.10 [45].

The results from these measurements show that the reaction occurs primarily

through the four-member ring intermediate. The IR spectra yield the limits

�3-mem <15% and �4-mem >85% for the total reactive flux through the two

possible ring intermediates. Furthermore, the results show that hydrogen

transfer during decomposition of the four-membered ring intermediate is a

minor process at most. These results are in agreement with the limited number

of trajectories calculated for this reaction [44].

In highly exothermic reactions such as this, that proceed over deep wells on the

potential energy surface, sorting pathways by product state distributions is

unlikely to be successful because there are too many opportunities for

intramolecular vibrational redistribution to reshuffle energy among the fragments.

A similar conclusion is likely as the total number of atoms increases. Therefore,

isotopic substitution is a well-suited method for exploration of different pathways

in such systems.

D. H2CO Photodissociation: The Roaming Atom Mechanism

In a recent study, combining experimental and theoretical investigation, Suits and

co-workers [8] discovered two active pathways in the photodissociation
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CH2O! H2 þ CO. In contrast to the previous three systems, this pathway

competition cannot be studied by isotopic substitution because the identical atoms

are found in only one product (H2). Fortunately, the two contributing pathways

can be separated because their product state distributions are markedly different.

Formaldehyde is a prototypical molecule for the study of unimolecular

dissociation dynamics and has had a significant impact upon our understanding

of statistical reaction models (e.g., TST, RRKM, phase-space theory) [48]. A

potential energy diagram of CH2O is shown in Fig. 7. Highly excited

formaldehyde in its ground electronic state S0 can be prepared with well-defined

energies by internal conversion from laser-excited rovibrational levels in the S1
state. There is a transition state (TS) for elimination to H2 þ CO that has a

skewed structure, with both hydrogen atoms on the same side of the C��O bond.

The large exit barrier leads to significant translational energy release (65% of

the available energy), whereas the structure of the TS creates much rotational,

but little vibrational excitation of CO. The cofragment H2 is moderately

vibrationally excited, but rotationally quite cold.

By contrast, the dissociation channel leading to Hþ HCO (the radical

channel) has no barrier and a dissociation threshold [49] of 30;328:5 cm�1. In
1993, van Zee et al. [50] found that excitation above this threshold led to CO

rotational distributions that were bimodal. In addition to the high-J CO

(Jmax �45) that is also produced when excitation is slightly <30;328:5 cm�1, a
significant population of low J CO was observed. As one explanation for this

bimodal distribution, they proposed the opening of a second pathway producing

H2 þ CO that was in some way related to the energetic opening of the Hþ HCO

Figure 7. Potential energy diagram of CH2O. After excitation to specific rovibrational levels of

S1, internal conversion leads to highly excited molecules in the ground electronic state S0, whereas

intersystem crossing populates the lowest triplet state T1.
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channel. Valachovic and co-workers [51] suggested the low-J CO might arise

from dynamics on the S0 surface that would produce an H atom loosely bound

to an HCO core that has substantial rotation about its a axis.

Recently, Suits and co-workers [8, 52] used direct current (DC)-sliced ion

imaging measurements of CH2O to reinvestigate this bimodal distribution. In

this technique, a single rovibrational level of CO is ionized, and its recoil

velocity from the H2 fragment is imaged. The great advantage of this technique

is the ability to record full H2ðv; JÞ distributions that are correlated with

individual rovibrational levels of CO. Three translational energy distributions

from this experiment with an excitation energy of 30;340:1 cm�1 are shown in

Fig. 8. Panel A represents the H2ðv; JÞ distribution correlated with high

rotational excitation of CO, with population of H2ðv ¼ 0�� 4Þ. This distribution
is very similar to that seen when the photodissociation energy is just under the

radical threshold of 30;328:5 cm�1, and is indicative of the traditional pathway

through the skewed transition state to H2 þ CO products. Panel B, probing

JCO ¼ 28, shows a bimodal distribution of H2ðv; JÞ states, with significantly

more vibrational excitation. Finally, in panel C, probing JCO ¼ 15, the only

significant contribution is H2ðv ¼ 6��7). It is plausible that the H2ðv ¼ 6��7Þ
population signifies the opening of a new pathway producing H2 þ CO.

The conclusion that highly vibrationally excited H2 correlated with low-J CO

represents a new mechanistic pathway, and the elucidation of that pathway, is

greatly facilitated by comparison with quasiclassical trajectory calculations of

Bowman and co-workers [8, 53] performed on a PES fit to high level electronic

structure calculations [54]. The correlated H2 / CO state distributions from these

trajectories, shown as the dashed lines in Fig. 8, show reasonably good

agreement with the data. Analysis of the trajectories confirms that the

H2ðv ¼ 0��4Þ population represents dissociation over the skewed transition

state, as expected.

The trajectories that produce H2ðv ¼ 6��7Þ show one H atom very loosely

bound, moving slowly around the HCO moiety in a rather flat part of the PES,

until this H atom reaches a nearly linear CHH configuration. This configuration

is near the (barrierless) TS for the related abstraction reaction

Hþ HCO! H2 þ CO. The roaming H atom then abstracts the H atom that

was tightly bound to the CO moiety, and departs with little rotation, but

significant vibrational excitation. This mechanism is aptly named the ‘‘roaming

atom mechanism’’. It is important to remember that in the data presented in

Fig. 8, CH2O has �12 cm�1 more energy than needed to form the Hþ HCO

radical channel; the system is unbound with respect to H atom loss. However, if

>12 cm�1 of energy is sequestered in the HCO moiety, the H atom cannot leave

until that energy is transferred into the reaction coordinate. (Hiding 12 cm�1 of
energy in isolated HCO is not difficult: Any vibrational excitation above the

zero-point level, and all rotational levels except 000, 101, and 202, represent more

than this energy.) This roaming H atom must find the other H atom before IVR
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Figure 8. Translational energy distributions of COðv ¼ 0Þ after dissociation of H2CO at

hn ¼ 30;340:1 cm�1 for the CO product rotational levels (a) JCO ¼ 40, (b) JCO ¼ 28, and (c)

JCO ¼ 15. The internal energy of the correlated H2 fragment increases from right to left. Dashed

lines are translational energy distributions obtained from the trajectory calculations. Markers

indicate H2 vibrational thresholds up to v ¼ 4, and in addition odd rotational levels for v ¼ 5��7.
Reprinted from [8] with permission from the American Association for the Advancement of science.
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succeeds in transferring enough energy to the reaction coordinate to drive the

Hþ HCO product channel.

The overall pathway branching for the competing pathways at

hn ¼ 30; 340:1 cm�1 is determined to be

H2COþ hn! H2 þ CO ð82% traditional TS pathwayÞ ð21aÞ
! H2 þ CO ð18% roaming pathwayÞ ð21bÞ

As the photon energy is increased >30,340.1 cm�1, the product branching

fraction to the Hþ HCO channel increases, and the molecular channel decreases.

Surprisingly, the pathway branching to the roaming channel appears to increase

in importance relative to the traditional TS pathway as the photon energy is

increased [52].

An important point to emphasize is that the roaming atom channel forms

H2 þ CO without going over the minimum energy path (the skewed transition

state) shown in Fig. 7. This behavior is contrary to the assumptions of RRKM

and other transition state theories, which therefore cannot be used to treat this

product channel without significant modification. This case highlights the value

of classical and quasiclassical trajectory calculations in elucidating alternate

pathways in general, and roaming atom pathways in particular.

One general question regarding roaming mechanisms is whether the roaming

moiety is restricted to the light H (or D) atom, which can quite easily exhibit

large amplitude motion due to its low mass. In a quote from Ref. [8], the authors

speculate on this point: ‘‘A key question remaining is whether diatomic products

besides H2, or even polyatomic products, may be formed by such a [roaming]

mechanism. It may be more common for the roaming species to be a hydrogen

atom that can rapidly explore the accessible regions of the surface. Perhaps,

however, an atom or group besides H could be the abstraction target’’. As

discussed in Section V.E, there is already some evidence to support roaming by

fragments other than H atoms.

E. CH3CHO Photodissociation: The Roaming Mechanism Again?

Acetaldehyde is methyl-substituted formaldehyde, and has a number of

similarities with its smaller cousin. In particular, when photodissociated at

308 nm, internal conversion to S0 is rapid, and acetaldehyde can decompose via

analogous radical and molecular channels

CH3CHOþ hn! CH3 þ HCO ðthreshold ¼ 83:6 kcalmol�1Þ ð22aÞ
! CH4 þ CO ðthreshold ¼ 82:3 kcal mol�1Þ ð22bÞ

where the threshold represents the asymptotic product energy for the radical

channel and the TS barrier height for the molecular channel. However, additional
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radical and molecular channels are possible, although they have not been

experimentally observed

CH3CHOþ hn! CH3COþ H ðthreshold ¼ 90:1 kcalmol�1Þ ð22cÞ
! CH2COþ H2 ðthreshold ¼ 81:3 kcal mol�1Þ ð22dÞ

The potential energy diagram for these channels is quite similar to those in

CH2O, and is shown in Fig. 9.

Houston and Kable [55] have measured COðn ¼ 0��2; JÞ product state

distributions from 308-nm photodissociation of CH3CHO using laser-induced

fluorescence. They found bimodal rotational distributions for COðn ¼ 0; 1Þ that
can be adequately represented as the sum of two Gaussian distributions peaking

at JCO � 30 and JCO � 10. This signature is analogous to the bimodal CO

distributions from formaldehyde observed by van Zee and co-workers [50].

Could the low-J CO in this case also correspond to a roaming mechanism for

the production of CH4 þ CO? (Note that fragmentation to Hþ COþ CH3 is not

energetically possible at 308 nm.)

In addition to COðn ¼ 0��2; JÞ populations, Houston and Kable recorded CO

Doppler profiles to measure the translational energy release, and the vector

correlation between the recoil velocity vector and the angular momentum vector

of CO. Together, these data paint a compelling picture that two pathways to

CH4 þ CO are operative. The rotationally hot CO population (85% of total CO)

Figure 9. Potential energy diagram (in kJ mol�1) showing energetically allowed photo-

dissociation channels for CH3CHO. Note the similar threshold energies for the four energetically

allowed channels. Reprinted with permission from Dr. Scott Kable, University of Sydney.
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correlates with significant translational energy release (hETi ¼ 0:25Eavail) and

substantial v?J correlation of 0:7� 0:3. These state distributions agree with the

predictions of direct dynamics trajectory calculations [56] for dissociation over

the three-center TS leading to CH4 þ CO. By contrast, the rotationally colder

CO population (15% of total CO) correlates with a small translational energy

release (hETi ¼ 0:11Eavail), no v,J correlation, and by conservation of energy,

with very highly vibrationally excited methane (hEvibiðCH4Þ ¼ 0:87Eavail).

These product state distributions for low J CO mirror the state distributions

for the roaming H atom channel in formaldehyde. Assuming, therefore, that this

second pathway does represent a roaming channel, Houston and Kable propose

two possibilities that are related to the two possible radical product channels

(22a and c). If the roaming fragment is the aldehyde hydrogen, then the

mechanism correlates with the onset of the CH3COþ H radical channel and is

related to the bimolecular reaction Hþ CH3CO! CH4 þ CO. The second

possibility involves a roaming CH3 moiety that eventually finds the aldehyde

hydrogen on route to CH4 þ CO. This mechanism corresponds to the onset of

the CH3 þ HCO radical channel, and hence to the CH3 þ HCO! CH4 þ CO

bimolecular reaction. The authors argue that this pathway seems more plausible

because the roaming methyl fragment is more reactive due to its carbon sp2

hybridization, compared to the sp3 hybridization of the CH3 group in the

CH3CO moiety.

Differentiating between these two mechanisms may be fairly straightforward

by reducing the photon energy until it is below the onset of the CH3COþ H

radical channel, but still above the CH3 þ HCO channel. When the total energy

is insufficient for H atom loss, it should also be less likely for the H atom to

move sufficiently far away from the CH3CO core to begin roaming. If the

bimodal CO distribution persists, the evidence for a roaming methyl group will

be strengthened. But perhaps the most pressing need in the examination of these

competing pathways is further trajectory calculations. The direct dynamics

trajectories of Kurosaki and Yokohama were initiated at the TS for CH4 þ CO

formation, which surely biased these calculations against observation of any

roaming trajectories. It may be that roaming mechanisms are more general than

expected. The coordinated effort of theory and experiment will be required to

clarify these mechanistic pathways.

F. C2H3 þH: Abstraction versus Addition–Elimination

The vinylþ hydrogen atom reaction is a rich example of competition between

abstraction and addition–elimination pathways

C2H3 þ H! C2H2 þ H2 ðabstractionÞ ð23aÞ
! ½C2H4�� ! C2H2 þ H2 ðaddition�� eliminationÞ ð23bÞ
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This reaction was investigated by Klippenstein and Harding [57] using

multireference configuration interaction quantum chemistry (CASþ 1þ 2) to

define the PES, variable reaction coordinate TST to determine microcanonical

rate coefficients, and a one-dimensional (1D) master equation to evaluate the

temperature and pressure dependence of the reaction kinetics. There are no

experimental investigations of pathway branching in this reaction.

For the addition pathway, a three-dimensional (3D) PES was calculated by

fixing the vinyl radical at its equilibrium geometry and positioning the H atom

in a grid of points in and above the vinyl plane. Six 2D contour plots of this

surface are shown in Fig. 10 that provide a useful visualization of the 3D

surface. These plots show two barrierless addition pathways. Addition from the

upper right in any panel has a larger angle of acceptance both in and out of

plane, and is termed the frontside addition. Addition from the lower right is

denoted backside addition.

Abstraction routes for the H atom attacking each hydrogen in the vinyl

radical were also calculated. Referring to the atom positions in Fig. 10, a

barrierless abstraction pathway was found for attack on the H atom in the lower

left (i.e., cis to the CH hydrogen). Attack on the hydrogen in the upper left (i.e.,

trans to the CH hydrogen) has a barrier of 1:2 kcalmol�1. No path for

abstraction could be found for attack on the CH hydrogen.

The lowest pathway for decomposition of the C2H4 adduct is a 1,1

elimination forming H2 þ H2CC (vinylidene) [58]. Vinylidene is then expected

to rapidly isomerize to acetylene. The 1,1 elimination barrier is a tight TS, but

can compete with the barrierless dissociation C2H4 ! C2H3 þ H because the

energy of the elimination barrier lies 15� 2 kcal mol�1 below the vinylþH

reactants [57].

In total, there are three barrierless entrance pathways: frontside and backside

addition of hydrogen atom to vinyl, and abstraction of the cis hydrogen. All the

pathways discussed so far are on the singlet PES. There are also addition

pathways on the triplet surface, but these are impeded by small barriers and are

not expected to be important compared to the singlet surface.

Because the three entrance pathways considered are barrierless, variational

variable reaction coordinate TST [29] was employed to provide a more optimal

treatment of the TS dividing surface as a function of energy. These calculations

lead to the estimate that the abstraction pathway accounts for 9–10% of the total

branching to C2H2 þ H2, with the addition–elimination pathway accounting for

the remaining 90%. Furthermore, the frontside addition pathway is favored by a

factor of � 2 compared to the backside addition pathway. At low pressure,

stabilization by collisions into the C2H4 well is negligible, and all addition

complexes will form C2H2 þ H2.

While there have been no experimental studies of the pathway branching to

C2H2 þ H2, it is likely that these pathways could be effectively probed by both
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isotopic substitution and product state distribution measurements. Simultaneous

application of the two approaches could be the most informative. In the case of

the C2D3 þ H reaction, abstraction should produce only HD products. For the

addition–elimination channel, if we assume a long-lived CD2CDH complex,

the products should be a 50:50 mixture of D2 þ HCCD and HDþ DCCD (in the

absence of a kinetic isotope effect). Observation of D2 would then be strong

evidence for addition–elimination.

Figure 10. Three-dimensional potential-energy surface for the Hþ C2H3 ! C2H4 addition

reaction. The lower left plot is taken in the symmetry plane of the vinyl radical. The other plots are

taken in parallel planes at distances of 0.5–4.0 a.u. from the symmetry plane (1 a.u.¼ 0.52918 Å).

Solid contours are positive, dashed contours are negative, and the zero-energy contour (defined to be

the energy of the reactant asymptote) is shown with a heavy solid line. The contour increment is

1 kcalmol�1. Reproduced from [57] by permission of the PCCP Owner Societies.
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In a crossed-molecular-beams experiment, the angular distributions could

shed more light on the pathway branching. The direct abstraction process should

be sufficiently rapid to produce backward scattered HD (with respect to the

incoming H atom), while D2 produced from addition–elimination through a

long-lived complex should be forward–backward symmetric. Finally, the HD

product formed by abstraction should contain significantly more vibrational

excitation than the HD and D2 formed by addition–elimination. The pathway for

barrierless abstraction is essentially the limiting case of an early barrier

exothermic reaction, in which translational energy in the entrance channel

should be efficiently converted into HD vibration in the exit channel [59]. By

contrast, the HD (or D2) bond length at the transition state for 1,1 elimination

from CD2CDH is 0.832 Å, which is not drastically different than the equilibrium

bond length re ¼ 0:742 Å for isolated H2. Therefore, measuring the translational

energy distribution of the products, or directly probing the HD/D2 vibrational

distribution are other methods for separating the two pathways.

One further complication such experiments may face is the presence of

roaming atom pathways in the decay of the highly excited CD2CDH complex. If

we assume that roaming can happen, a roaming H atom will always result in an

HD product. If we assume that the D atoms are equally likely to roam and

randomly abstract another hydrogen, then each roaming D atom will result in

HD products one-third of the time. Therefore the roaming mechanism would

produce a 50:50 mixture of HD/D2. Assuming the dynamics will be similar to

the C2D3 þ H abstraction channel, these HD and D2 atoms would be highly

vibrationally excited. While this possible pathway could complicate the

interpretation of experimental results, it seems clear that the C2H3 þ H reaction

is a promising candidate for detailed experimental exploration of multiple

competing pathways.

G. OH� þ CH3F : Avoiding the Minimum Energy Path

The reaction

OH� þ CH3F! CH3OHþ F� ð24Þ

is an example of SN2 nucleophilic substitution reactions of the general form

X� þ CH3Y! XCH3 þ Y� ð25Þ

When X and Yare identical halogen atoms, the potential surface for this reaction

is represented by a well for the frontside ion–dipole complex [X � � � CH3Y]
�, a

TS for the [X � � � CH3 � � � Y]� structure in which the methyl moiety is planar,

and a backside ion–dipole complex [XCH3 � � � Y]� that leads to products. These

246 david l. osborn



reactions are poorly described by statistical models, such as TS theory [60], and

it is known that vibrational excitation of the reactants promotes the reaction more

than translational excitation [61].

The OH� þ CH3F potential energy surface [62] also shows a double-well

structure, but in this case the well on the product side of the barrier represents

not the traditional ion–dipole backside complex, but rather the hydrogen-

bonded complex [CH3OH � � � F�]. This well is the global minimum on the PES

and lies on the minimum energy path toward products. Figure 11 shows the

MEP for this reaction from an intrinsic reaction coordinate calculation by Sun

et al. [63]. The normal backside well representing the [HOCH3 � � � F]� complex

(B in Fig. 11) has been ‘‘subducted’’ by the deeper well of the hydrogen-bonded

[CH3OH � � � F�] structure (D in Fig. 11).

Direct dynamics trajectory calculations at the MP2/6-31+G* level of

theory were then used to explore the reaction dynamics of this system [63].

Sixty-four trajectories were started from the central barrier shown at ‘‘A’’ in

Fig. 11, with initial conditions sampled from a 300 K Boltzmann distribution.

Of the 31 trajectories that moved in the direction of products, four trajectories

followed the MEP and became trapped in the hydrogen-bonded [CH3OH � � �
F�] complex, with one trajectory forming products within the imposed 3-ps

time limit. The remaining 27 product-bound trajectories followed a different

pathway, with the F� atom departing approximately collinearly along the OCF

backbone at the TS. These trajectories avoided the MEP, dissociating directly

to products without ever entering the hydrogen-bonded [CH3OH � � � F�]

Figure 11. The minimum energy path of the OH� þ CH3F reaction, not including zero-point

energy. The four labeled structures are (A), the central barrier TS; (B), the nearly collinear backside

well complex [HOCH3 � � � F]�; (C) the transition of the F atom toward the OH moiety; (D) the

hydrogen-bonded [CH3OH � � � F�] structure. Reprinted from [63] with permission from the

American Association for the Advancement of Science.
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well. Approximately 90% of the products arise from this direct, non-MEP

pathway.

To better understand the cause of this branching, Fig. 12 shows a 2D cut

through the potential surface along the C��F bond and the FCO angle. The

position of the central barrier TS is shown, with an FCO bond angle of 177.9�

(i.e., nearly linear) at the saddle point. Moving down from the saddle point,

the potential is initially steeply repulsive along the C��F bond, and relatively

flat in the FCO bending coordinate. The flatness along the bending coordinate

means there is little force pulling the trajectory toward the deep [CH3OH

� � � F�] well, centered at RC��F � 3:0 Å and ff FCO � 77�. Therefore,

trajectories from the TS tend to proceed directly toward products in a

collinear fashion along path 1 in Fig. 12, quite oblivious to the MEP that is

represented by path 2.

The surface in Fig. 12 demonstrates that there is little coupling between the

C��F translation coordinate and the bending coordinate of the complex. Stated

another way, the time scale for intramolecular vibrational redistribution between

these coordinates is slow compared to the time scale for breaking the C��F bond.

These conclusions are not obvious upon examination of the minimum energy

path shown in Fig. 11, and indeed such diagrams, while generally instructive,

can lead to improper conclusions because they hide the multidimensional nature

of the true PES. A central assumption of statistical product distribution theories

Figure 12. Two-dimensional cut through the potential surface for fragmentation of the

transition state [OH � � �CH3 � � � F]� complex as a function of the C��F bond length and the FCO

angle. All other coordinates are optimized at each point of this PES. Pathway 1 is the direct

dissociation, while pathway 2 leads to the hydrogen-bonded [CH3OH � � �F�] structure. The letter

symbols correspond to configurations shown in Fig. 11. Reprinted from [63] with permission from

the American Association for the Advancement of Science. (See color insert.)
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is that IVR is fast compared to reaction. In light of the result that 90% of the

products are formed by a non-MEP pathway, treatment of this reaction by

statistical methods (which assume equilibration in the deep wells of the surface)

may lead to incorrect conclusions regarding the nature of the reaction

mechanism.

H. CH3 þO : Two Pathways Around the Transition State

The reaction of a methyl radical with an oxygen atom has two main product

channels

CH3þO!H3CO
� !HþCH2O ðf1¼ 0:82�0:04Þ ð26aÞ
!H2þHCO� !H2þHþCO ðf2 ¼ 0:18�0:04Þ ð26bÞ

The second channel, producing CO, was first observed by Seakins and Leone

[64], who estimated 40% branching to this channel. Later measurements by

Fockenberg et al. [65] and Preses et al. [66] concluded the branching to CO is

�18%. Note that decomposition of formaldehyde formed in reaction (26a) is not

a possible source of CO due to the large barrier for formaldehyde decomposition.

Marcy et al. [67] recently combined time-resolved Fourier spectroscopy

experiments with direct dynamics classical trajectory calculations to examine

the mechanism of the CO product channel. They observed two pathways for CO

formation, neither of which involve crossing a TS.

The mechanism begins with formation of the methoxy intermediate (CH3O)

in a deep well on the PES, as shown in Fig. 13. Surprisingly, no TS could be

located for the direct elimination of H2 from methoxy. Although a path was

found to Hþ H2 þ CO through CH3O! H2COH! H2 þ HOC! H2 þ Hþ
CO, the highest barrier on this pathway is drastically higher than that for

H2COH! H2COþ H. It is unlikely that this pathway is significant, and no

trajectories following this pathway were observed. The key question to explore

in the formation of CO from methoxyþO is the pathway for

CH3O! H2 þ HCO. Once HCO is formed with large amounts of internal

energy, it simply dissociates to give Hþ CO.

As pointed out in the OH� þ CH3F reaction, 1D schematic potential energy

diagrams may be misleading. To gain a better understanding of the PES

topology, two 2D cuts through the 9D surface are shown in Figs. 14 and 15. In

Fig. 14, two of the C��H bond lengths are varied over a grid of values and the

other seven coordinates are optimized at each point. There are four wells and

four TS saddle points on this diagram, which is symmetric about the diagonal.

Note that the symmetric pathway along the diagonal connecting CH3O to

HaHb þ HCO goes over a maximum in the potential (that is not a first-order

saddle point) at C��H distances of 1.6 Å.
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Figure 13. Potential energy diagram of stationary points of the CH3 þ O reaction. The results

are from CCSD(T)/aug-cc-pvtz//CCSD(T)/cc-pvdz calculations including zero point energy.

Reprinted with permission from [67]. Copyright 2001 American Chemical Society.

Figure 14. Potential energy surface of CH3O at the B3LYP/6-31G* level as a function of twoC��H
bond lengths. All other coordinates are optimized at each point. The darkest contour lines represent the

energy (�66:0 kcalmol�1 with respect to CH3 þ O) of the saddle point for Hþ H2CO! H2 þ HCO.

The lightest contours are higher in energy and the darker contours are lower. The contour interval is

5 kcalmol�1. The length scales are in Angstroms. The saddle point for CH3O! Hþ H2CO is denoted

by
 (�63:4 kcalmol�1). The saddle point for the abstractionHþ H2CO! H2 þ HCO is denoted by�
(�66:0 kcalmol�1). Reprinted with permission from [67]. Copyright 2001 American Chemical Society.
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A different 2D cut through the full PES is shown in Fig. 15, where the

coordinates are described in the figure caption. The same saddle points can be

seen as in Fig. 14. In Fig. 15, the minimum energy path for the critical

transformation CH3O! H2 þ HCO takes a circuitous route. It begins in the

CH3O well, moves up and right over the saddle point (
) toward the Hþ CH2O

well in the upper right corner. The MEP then continues downward in Fig. 15,

over the saddle point (�), and into the H2 þ HCO well. The dotted line in

Fig. 15 denotes a prominent ridgeline that corresponds to the maximum in

Fig. 14 at C��H distances of 1.6 Å. This ridgeline blocks a direct path from

CH3O to H2 þ HCO.

Because no TS for CH3O! H2 þ HCO could be located, Marcy et al. [67]

carried out direct dynamics trajectory simulations to determine the mechanism

for formation of CO. These calculations were done at the B3LYP/6-31G* level

due to its semiquantitative description at a relatively modest computational cost.

The trajectories were initiated from a dividing surface characterized by a C��O
separation of 2.65 Å, which is approximately the distance between C and O at

the TS for the initial addition to form CH3O. From the 240 trajectories

propagated with total angular momentum J ¼ 50, the H2 þ HCO product

branching fraction was found to be 0.15 at room temperature, in good

agreement with the experimental value of 0:18� 0:04 from Preses et al. [66]

Marcy et al. [67] concluded that the ridgeline shown in Fig. 15 that blocks the

Figure 15. Potential energy surface of CH3O at the B3LYP/6-31G* level as a function of

R(H��X) and R(C��X), where X is the midpoint of two of the hydrogens. The saddle point for

CH3O! Hþ H2CO is denoted by 
 (�63:4 kcalmol�1). The saddle point for the abstraction

Hþ H2CO! H2 þ HCO is denoted by � (�66:0 kcalmol�1). The dotted line denotes a prominent

ridgeline. Other conventions are the same as in Fig. 14. Reprinted with permission from [67].

Copyright 2001 American Chemical Society.

exploring multiple reaction paths 251



direct pathway for CH3O! H2 þ HCO is the main reason the product

branching to the CO channel is as small as it is.

Three sample trajectories forming H2 þ HCO are shown in Fig. 16. Each

trajectory (a–c) is plotted twice; once on the 2D PES of Fig. 14 (right column) and

Figure 16. Projections onto 2D surfaces of trajectories (in green) of CH3O! H2 þ HCO. The

left column is a projection onto the surface of Fig. 15. The right column is a projection onto the surface

of Fig. 14. The black contour represents the saddle point energy for the Hþ H2CO! H2 þ HCO

reaction. Blue contours are lower in energy; red contours are higher. Reprinted with permission from

[67]. Copyright 2001 American Chemical Society. (See color insert.)
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once on the 2D PES of Fig. 15 (left column). Of the trajectories that form

H2 þ HCO, two pathways are observed. The first two trajectories [Figs. 16(a and

b)] demonstrate the first pathway. Here the trajectory orbits for some time in the

methoxy well, then leaves the well passing essentially through the transition state

for CH3O! Hþ H2CO. However, the trajectories do not continue into the

formaldehyde valley, but are steered near the TS for Hþ H2CO! H2 þ HCO (as

shown in the right column of Fig. 16). Note that these trajectories lead to

substantial excitation of H2 vibrational motion. These two trajectories were

termed ‘‘frustrated H loss trajectories’’ by Marcy et al. [67] They represent,

however, the same roaming atom mechanism [68] as observed in H2CO!
H2 þ CO photodissociation, characterized by an H atom on a very flat potential

that finds its way to an abstraction channel yielding H2.

The trajectory in Fig. 16(c) is an example of the second pathway toward

H2 þ HCO. This trajectory is quite striking in that it leaves the CH3O well by

passing over the ridgeline [Fig. 16(c) left column] directly to products. The

same trajectory plotted in the right column demonstrates that this trajectory

completely avoids all the saddle points on this surface, and therefore also

avoids the MEP. This pathway leads to much lower vibrational excitation of H2

than observed in the pathway of Figs. 16(a and b). Although one might

reasonably speculate that this especially interesting trajectory is also especially

rare, in fact the majority of trajectories forming H2 þ HCO follow this

pathway. The reason these trajectories follow this pathway over a ridge is not

well understood, but may be related to effective orbital angular momentum

barriers [67].

Knyazev has developed a statistical method based on RRKM theory to treat

reactions that pass over a ridge [33]. The method places the dividing surface

along the PES ridge separating reactants from products. One assumption of this

method is that the Hamiltonian describing motion along the ridge is separable

from all other degrees of freedom. However, the exact definition of the ridge

dividing surface is not unique. Using this method, he predicts the branching

fraction of the CO product channel to be 4–7%, depending on the potential

energy surface used.

In summary, there appears to be no transition state for the CH3 þ O!
H2 þ Hþ CO product channel, but nevertheless this channel represents about

one-fifth of the total products. There are two pathways to these products. The

main pathway involves a direct passage from CH3O to H2 þ HCO over a ridgeline

in the potential energy surface. This ridgeline can also be viewed as a saddle point

of order >1. The minor pathway approximately follows the sequential pathway

CH3O! Hþ H2CO! H2 þ HCO passing near the transition states for these

individual steps. This pathway, termed a ‘‘frustrated H loss pathway’’ in the

original chapter, is a roaming atom channel, and represents the first reported case

of this mechanism in a bimolecular reaction.
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I. H2CO Photodissociation: Participation of Multiple Electronic States

The photodissociation of formaldehyde has two product channels

CH2Oþ hn! H2 þ CO ð27aÞ
! Hþ HCO ð27bÞ

Section V.D described the competition of two pathways in the H2 þ CO

molecular channel. There are also multiple pathways to the radical channel

producing Hþ HCO. In all cases, highly vibrationally excited CH2O is prepared

by laser excitation via the S1  S0 transition. In the case of the radical channel

discussed in this section, multiple pathways arise because of a competition

between internal conversion (S1 ! S0) and intersystem crossing (S1 ! T1),

followed by evolution on these electronic states to the ground-state Hþ HCO

product channel. Both electronic states S0 and T1 correlate adiabatically with

Hþ HCO products, as shown in Fig. 7.

Because the pathway to Hþ HCO on S0 is barrierless (with a loose TS),

whereas the pathway on T1 has an exit barrier (tight TS), the dissociation

dynamics of the two pathways can be expected to differ markedly. Measuring

the translational energy release and the product state distributions of the HCO

fragment are therefore appropriate experimental techniques for exploring this

competition.

The pathway branching hinges on the rates of nonradiative transitions out of S1.

The efficiency of internal conversion (IC) versus intersystem crossing (ISC)

depends on the coupling between the particular S1ðn; JÞ state excited and nearby

states in the S0 and T1 manifolds, respectively. The IC process is facilitated by

second-order nonadiabatic vibronic interactions that couple S1 with S0 [69],

whereas the ISC process coupling S1 with T1 arises from second-order spin–orbit

coupling [70]. The competition between these two pathways has been examined

experimentally by Chuang et al. [71] and Dulligan et al. [72], who concluded that

the flux through each pathway fluctuates substantially with excitation wavelength.

In the energy range near the T1 barrier, the density of states in T1ð�0:3=cm�1Þ is
substantially smaller than the density of S0 states (�100=cm�1) because T1 lies

25; 194 cm�1 higher than S0. The fact that ISC can compete with IC implies that

the spin–orbit couplings driving the former are significantly larger than the

vibronic coupling driving the latter. Note that the triplet pathway is accessible

below the T1 barrier due to quantum mechanical tunneling.

Recently Valachovic et al. [51] studied the competition between S0 and T1
pathways as a function of excitation energy in the range 1103��2654 cm�1 above
the Hþ HCO threshold using photofragment ion imaging and H-atom Rydberg

time-of-flight spectroscopy (HRTOF). The energy range encompasses levels well

below and above the T1 barrier. Although the energy of the barrier on the T1
surface is only known to within �200 cm�1, this accuracy is sufficient to ensure
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that excitation below the barrier energy will yield Hþ HCO produced only via the

S0 state. The product state distributions in this case serve as a reference for the S0
role when analyzing data at energies where the triplet state may also contribute.

Because dissociation on S0 is barrierless, the product state distributions

should be well approximated by statistical theories, especially when the excess

energy is small, as in the Valachovic study. Product state distributions arising

from the S0 pathway should be characterized by small translational energy

release, but significant rovibrational excitation of HCO. This signature is

demonstrated in the top panel of Fig. 17, which shows a HRTOF spectrum with

Figure 17. Internal energy distributions of HCO from photodissociation of CH2O at 2549 cm�1

(upper panel) and 2627 cm�1 (lower panel) above the threshold for the Hþ HCO channel. The HCO

vibrational thresholds are labeled with their quantum numbers, and combs label the Ka stack

thresholds. The open circles show predictions of the SSE/PST model. The upper panel is indicative

of an S0 dominant pathway. In the lower panel, T1 is dominant, but S0 structure can still be observed.

Reprinted with permission from [51]. Copyright 2000, American Institute of Physics.
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excitation energy 2549 cm�1 above the Hþ HCO threshold. Note that the

distribution is plotted as a function of HCO internal energy. This distribution

shows both vibrational excitation of HCO and significant a-axis rotational

excitation extending at least to Ka ¼ 6. This distribution is reproduced

remarkably well by a separate statistical ensembles–phase space theory (SSE/

PST) [31] calculation also shown in Fig. 17. Note that this excitation energy lies

� 629 cm�1 above the T1 barrier, and yet the distribution appears to be almost

perfectly represented by a pure singlet pathway.

The lower panel of Fig. 17 shows another HRTOF spectrum at slightly higher

excitation energy. This spectrum is dominated by HCO molecules in their

ground vibrational state with only moderate rotational excitation. This signature

is assigned to the triplet pathway, because the T1 barrier is expected to channel

energy efficiently into translation, leaving little rovibrational excitation in HCO.

The SSE/PST simulation (appropriate for the singlet pathway only) for the

2627-cm�1 spectrum agrees well with the data for energies >800 cm�1.
Because the triplet pathway signature is confined to low HCO internal energies,

it is possible to discern a small contribution of the singlet pathway even when

the triplet pathway dominates. The converse is not true because the S0 signature

populates essentially all energetically accessible internal states of HCO.

In general, the singlet mechanism dominates for energies below the T1
barrier, although when a close match between the excited S1 level and a T1
resonance exists, the triplet contribution can be substantial. Excitation in the

first� 600 cm�1 above the T1 barrier is characterized by sporadic changes in the
singlet–triplet pathway branching. The fluctuations arise because the triplet

energy levels are sparsely and irregularly spaced, but when S1/T1 levels are close

in energy, the stronger ISC coupling strength leads to domination by the triplet

pathway. For excitation energies >600 cm�1 above T1 barrier, the triplet

pathway dominates, presumably due to sufficient state density of triplet levels

that a strong S1/T1 overlap is common. However, the singlet pathway always

persists at a low level because, despite the weaker S1/S0 coupling strength per S0
state, the density of S0 states remains high.

These experiments use the product state distribution technique to allow a

qualitative characterization of the competition between multiple electronic

states. In contrast to the pathway competition in the molecular channel of

formaldehyde (Section V.D), where the correlated product state distributions

delineate the two channels quite cleanly, it will likely more often be the case

that the product state distribution method allows only qualitative separation, due

to overlapping distributions. Nevertheless, such experiments provide critical

insight into pathway competition.

Finally, note that the competition between IC and ISC is believed to be a

general feature in the photochemistry of ketones RCOR0 [73], of which CH2O is

the simplest member. There is evidence that pathway branching to the S0 state is
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enhanced when the R, R0 ligands are aromatic (as in diphenyl ketone) or

quasiaromatic (as in dicyclopropyl ketone) [74]. While pathway competition

may be common in larger ketones, the detailed characterization of this

competition, and the factors that control it, are not as yet understood.

J. H2O Photodissociation: Chemical ‘‘Double Slits’’

When two pathways on the potential energy surface lead to one exit channel,

the wavelike nature of molecules should manifest itself by constructive and

destructive interference between the outgoing wave functions as they

recombine in the common exit channel. This phenomenon is analogous to

Thomas Young’s observation in 1801 that light passed through a pair of

apertures creates interference fringes when the light is recombined on a screen

at a particular point. This phenomenon gave the first firm proof that light could

be described as a wave. For molecular interference to be observed, the initial

conditions of the system must be coherently prepared, that is, with a well-

defined phase of the molecular wave function. If the lengths of two reaction

pathways differ as a function of some observable (e.g., final rotational state),

we should observe constructive and destructive interference in this observable.

For a bimolecular reaction, this level of control over initial conditions is

essentially impossible. However, molecules cooled in a supersonic expansion

to one or a few quantum states, and excited by coherent radiation to a

dissociative state, can show this behavior. Dixon and co-workers [75]

demonstrated this phenomenon in the dissociation of H2O at 121.6 nm. In

related work, Rakitzis and co-workers [76] showed that photodissociation of

ICl, through excitation to multiple electronic states, leads to interference

between multiple pathways, as observed in the electronic angular momentum

helicity.

The combined experimental and theoretical investigation of Dixon et al. [75]

applied the H-atom Rydberg time-of-flight method to measure the translational

energy distribution of H atoms from the photodissociation

H2Oð~X1A1Þ þ hn! H2Oð~B1A1Þ ! H2Oð~X1A1Þ ! Hð2SÞ þ OHðX2�Þ ð28Þ

The initial excitation at 121.6 nm accesses the ~Bð1A1Þ electronic state of H2O,

which has a linear equilibrium geometry. Several product channels are possible

from this point [77], but the only one discussed here is Hð2SÞ þ OHðX2�Þ, which
arises from internal conversion back to the ground electronic state. The internal

conversion process is facilitated by two conical intersections, at the linear H��OH
geometry (�a in Fig. 18), and the linear H��HO geometry (�b in Fig. 18),

respectively, as shown in Fig. 18. These conical intersections ‘‘funnel’’

population from the ~B to the ~X state. This process leads to highly rotationally

excited OH (Nmax ¼ 45) due to the strong force applied along the bending
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coordinate as H2Omoves from its bent geometry in the Franck–Condon region of

the ~B state to the conical intersections at 0 and 180�.
The H2O molecules are cooled in a supersonic expansion to a rotational

temperature of �10 K before photodissociation. The evidence for pathway

competition is an odd–even intensity alteration in the OH product state

distribution for rotational quantum numbers N ¼ 33��45. This intensity

alternation is attributed to quantum mechanical interference due to the N-

dependent phase shifts that arise as the population passes through the two

different conical intersections.

Figure 18. Contour plots of the potential energy surfaces of the first three electronic states of

H2O. The polar plots depict the movement of one H atom around OH with an OH bond length fixed at

1.07 Å. Energies are in electron volts relative to the ground electronic state. The ~X and ~B states are

degenerate at the conical intersection (denoted by �) in the (a) H��OH geometry and (b) H��HO
geometry. Reprinted from [75] with permission from the American Association for the Advancement of

Science.
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Dixon et al. [75] use a simple quantum mechanical model to predict the

rotational quantum state distribution of OH. As discussed by Clary [78], the

component of the molecular wave function that describes dissociation to a

particular OH rotational state N is approximated as

�N ¼ c1 þ mNc2 ð29Þ

where c1 and c2 are the component wave functions exiting the ~B state at H��OH
and H��HO conical intersections, respectively. The quantum number mN denotes

the symmetry of the rotational wave function of OH with respect to the two

geometries H��OH and H��HO. It takes the values � 1 depending on whether the

final OH rotational quantum number N is even or odd. The probability of

producing the final OH rotational state N is proportional to

j�N j2 ¼ ðc1Þ2 þ ðc2Þ2 þ 2mNc1c2 ð30Þ

The third term on the right-hand side is the interference term that changes sign

with even or odd N. This term may be more or less significant depending on the

magnitude of the product c1c2. This model qualitatively agrees with the

experimental results, predicting the odd–even alternation of intensity with N,

though it overestimates the signal contrast. An overestimation of the interference

contrast is expected, since the calculation assumes all H2O molecules are in their

rotationless state, while in the experiment �76% of the molecules are in

rotational levels other than the ground state. Increasing the number of quantum

states in the initial conditions will increasingly average out any quantum

mechanical interferences.

Figure 19 shows the outgoing scattering waves from the simple model

plotted on the same coordinate system as in Fig. 18. The top panel shows

significant wave function amplitude moving from the Franck–Condon region

(shown in gray) toward both conical intersections. In the lowest panel of

Fig. 19, strong interference is seen between the waves emerging from the two

conical intersections on the ground electronic state surface. Asymptotically,

this interference determines the even–odd alternation in N. It is important to

note that no even–odd alternation was observed in similar HRTOF experi-

ments conducted with an initial H2O rotational temperature of �100 K [77].

Quantum interference from multiple pathways provides an exquisite test of our

understanding of the PES and the dynamical calculations performed on it, but

this method will probably only be feasible for very small photodissociation

systems at very cold temperatures (to reduce the number of initial quantum

states populated). An alternative method to avoid averaging out quantum

effects is to perform true quantum state-to-state measurements, which are,

unfortunately, quite difficult to accomplish.
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VI. CONCLUSIONS AND FUTURE OUTLOOK

In the study of reaction mechanisms, it is almost always easier to detect final

products than reaction intermediates. Although it is often the case that each

detected product channel represents one pathway on the PES, this chapter

demonstrates many examples where this assumption fails.

In some cases presented here, each pathway follows a ‘‘traditional’’ route

through wells and/or over saddle points toward products. In these cases, a

competition arises because the rate-limiting energy and entropy barriers of the

Figure 19. Outgoing waves on the first three electronic states of H2O following excitation of

the ð~B1A1Þ  ð~X1A1Þ transition. Green and red lobes have positive and negative amplitudes,

respectively. The gray-filled contour on the ~B surface represents the Franck–Condon region of

excitation from the ground state. Reprinted from [75] with permission from the American

Association for the Advancement of Science. (See color insert.)
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two pathways are similar in magnitude. The effect of entropy can lead to

temperature dependence of pathway branching ratios. These cases are labeled

as statistical pathway branching, because the concepts underlying TS theory

and other statistical models can describe their pathway branching with equal

fidelity as single pathway processes, given accurate descriptions of the

stationary points on the PES. The examples A, B, C, F, and I of Section V fall

into this category.

In other cases, competition arises between a traditional pathway that

follows the minimum energy path, and an alternative pathway that avoids it.

These cases are labeled as dynamical pathway branching, because statistical

methods, which assume reactions occur via the MEP and over saddle points,

cannot treat these nontraditional pathways. Instead, these systems must be

explored theoretically by dynamical methods that rely on a potential energy

surface accurate not only at stationary points, but also at many intervening

nuclear configurations. The shape of the PES really matters. The examples D,

E, G, H, and perhaps also F of Section V are in this category. In the

OH� þ CH3F case, forces arising from the shape of the PES encourage

pathways that avoid the minimum energy path. In the roaming mechanism

cases, the roaming fragment has almost enough energy to dissociate and orbits

the other fragment until an abstraction channel is (presumably randomly)

accessed. The key factor in common is the flatness of the PES in at least one

coordinate, which leads to inefficient coupling (slow IVR) between this

coordinate and the rest of the system, and hence the possibility that the non-

MEP trajectory does not collapse to the MEP.

For both statistical and dynamical pathway branching, trajectory calculations

are an indispensable tool, providing qualitative insight into the mechanisms and

quantitative predictions of the branching ratios. For systems beyond four or five

atoms, direct dynamics calculations will continue to play the leading theoretical

role. In any case, predictions of reaction mechanisms based on examinations of

the potential energy surface and/or statistical calculations based on stationary

point properties should be viewed with caution.

The realization that roaming mechanisms play an important role in several

unimolecular and bimolecular reactions makes it worthwhile to discuss when

such channels may be expected to contribute. Most examples of roaming

mechanisms to date involve highly vibrationally excited closed-shell singlet

species (H2CO, CH3CHO, perhaps C2H4) that can decay to closed-shell

products (H2 þ CO;CH4 þ CO;H2 þ C2H2). In all these cases, the critical point

in the roaming pathway is access to a barrierless radicalþ radical abstraction

channel (e.g., Hþ HCO! H2 þ CO), in which the H atom being extracted is

only weakly bonded (D0 < 30 kcalmol�1) to the radical core. Furthermore, the

energetic threshold to form these radicalþ radical products is similar to the

threshold for forming the closed-shell products. The energized closed-shell
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molecule can be formed either by photoexcitation of the ground-state molecule,

or by addition in a radicalþ radical reaction.

Generalizing from these observations, it seems reasonable that all HþCnH2nþ1
reactions are candidates for roaming mechanisms. The alkyl radical can add an H

atom to form an energized alkane adduct. If one of the H atoms in the adduct gains

almost enough energy to dissociate, it can orbit the alkyl core at fairly long

distances. The alkyl radical core has weak C��H bonds on carbon atoms adjacent

to the carbon from which the roaming atom departed. If the roaming atom finds

one of these weak C��H bonds, it can undergo a barrierless abstraction to form

H2þ an alkene. A similar route will also be possible for H atoms reacting with

CnH2n�1 radicals and other less saturated radicals. Such mechanisms could aptly

be named addition-roaming–abstraction pathways.

However, as the CH3 þ O reaction shows [67], the roaming atom mechanism

is not limited to closed-shell adducts, nor is it limited to abstraction pathways

that are barrierless (see Fig. 13). Finally, the photodissociation of CH3CHO

implies that the roaming fragment may not be limited to H atoms [55]. It

remains to be seen how universal roaming mechanisms are, but they have the

potential to be competing pathways in a large number of reactions.

The study of multiple pathways leading to a single product channel provides

a stringent test of our understanding of the potential energy surface and the

calculations that use it to predict reaction outcomes. Although there are not

many examples to date of pathway competitions, the increasing prominence of

such systems, coupled with advances in experiment and theory that facilitate

their study, promises a rich future in this normally hidden facet of reaction

mechanisms.
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I. INTRODUCTION

Symmetry breaking associated with chiral phenomena is a theme that recurs

across the sciences—from the intricacies of the electroweak interaction and

nuclear decay [1–3] to the environmentally influenced dimorphic chiral structures

of microscopic planktonic foraminifera [4, 5], and the genetically controlled

preferential coiling direction seen in the shells of snail populations [6, 7].

At the molecular level, considerable capital, both intellectual and financial, is

invested in the study of chiral phenomena. Perhaps the question of broadest

scope concerns the phenomenon of homochirality—the observation that all

terrestrial life displays a unique invariant handedness of its molecular building

blocks, such as the amino acids. An important school of thought argues that an

understanding of the origin of life is inseparable from an understanding of the

homochirality that accompanies it [8, 9]. If homochirality is actually a

prerequisite for life [10], the detection of a chiral imbalance, or enantiomeric

excess (ee), by planetary missions probing for prebiotic molecules is considered

a likely signature for some form of extraterrestrial life [11–14].

More prosaically, homochirality causes a differentiation in the responses of

living organisms to opposite handed forms (enantiomers) of chiral molecules

that are encountered in their environment. Over 800 odor molecules that are

relevant to the food and fragrance industries have been identified that are chiral

and whose enantiomers are perceived to have very different smells [15].

Similarly, responses to pharmaceuticals can be enantiomer specific. Seven of the

top 10 selling drugs on the market have a chiral active ingredient and

increasingly such drugs are being developed in single enantiomer form, taking a

rapidly expanding market share with a predicted value of $15–25 billion by

2008/2009 [16, 17].

The investigation of chiral molecular phenomena, and associated technique

development, thus finds potentially significant practical applications to place

alongside the fundamental interest of this topic. This chapter will examine the

recently investigated phenomenon of photoelectron circular dichroism (PECD)

that arises from a dissymmetry in the angular distribution of photoelectrons
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emitted from randomly oriented molecular enantiomers when these are ionized

by circularly polarized radiation. The associated chiral asymmetries are found

to be �10%, several orders of magnitude greater than those typically

encountered from dilute, randomly oriented samples. It will be further argued

that the study of PECD and the underlying symmetry breaking provides a far

more sensitive probe of the photoelectron dynamics and of molecular structure

and conformation than more traditional photoionization experiments, and that it

opens up new avenues for complementary spectroscopic investigation and

characterization of chiral biomolecules.

II. CHIROOPTICAL ASYMMETRIES

A. Absorption Circular Dichroism

Ever since Pasteur’s work with enantiomers of sodium ammonium tartrate, the

interaction of polarized light has provided a powerful, physical probe of

molecular chirality [18]. What we may consider to be conventional circular

dichroism (CD) arises from the different absorption of left- and right-circularly

polarized light by target molecules of a specific handedness [19, 20]. However,

absorption measurements made with randomly oriented samples provide a

dichroism difference signal that is typically rather small. The chirally induced

asymmetry or dichroism can be expressed as a Kuhn g-factor [21] defined as:

g ¼ ðIlcp � IrcpÞ=hIi ð1Þ
where IrcpðlcpÞ is the signal obtained with right (left) circularly polarized light

(CPL) and hIi is the mean or unpolarized signal. Kuhn g-factors rarely exceed

0:01% making them a challenging quantity to measure. Consequently, the

technique is nearly always applied to non-dilute samples in the liquid phase. The

usable wavelengths are commonly restricted by the availability of transmission

polarizing optics (i.e., l=4-wave plates) to the region >110 nm, and are usually

further restricted by solvent absorption to >160 nm.

Nevertheless, valence absorption CD has become a widely used technique to

distinguish enantiomers on a purely physical basis and nowadays is also routinely

used to infer conformation of biomolecules, such as proteins [22]. The

fundamental weakness of valence CD signals arises because the phenomenon is

due to interference between the electric and (much weaker) magnetic dipole

(E1 �M1) interaction terms . Occasionally, when a transition is nominally electric

dipole forbidden but magnetic dipole allowed, as in the n ! p� excitation of

carbonyl groups, larger percentage asymmetries are obtained [23] because the

interfering terms become commensurate with one another. Enhancement of the

CD asymmetry can also be obtained in the solid state due to scaling effects in the

non-electric dipole contributions. Photoabsorption by aerosols of chiral species
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can show asymmetries of the order of 0:05% [24] reaching an ‘‘amazingly high’’

10% in highly ordered nanocrystals of tyrosine enantiomer [25]. Extending the

approach to core level excitations of ordered systems in the X-ray region allows

for similar enhancements of the electric quadrupole interaction term [26, 27] so

that CD can be generated by electric dipole–electric quadrupole (E1 � E2)
interference with comparable asymmetry factors to those in the valence shell; but

asymmetries as high as a ‘‘spectacular’’ 12:5% have been reported in the case of

an oriented single crystal of a cobalt complex [28].

While it is clear that orientation can enhance the chiral asymmetry there are,

however, issues to do with unquantified near-neighbor interactions in the

condensed phases. In solution, for example, there are concerns that a significant

proportion of the measured CD signal may be contributed by the induced chiral

structure of the solvation shell of achiral solvent molecules around the sample

molecule [29–31]. This can prove detrimental to efforts to assign stereo-

chemical configuration by comparison with theory. For benchmarking

theoretical models, or assigning absolute configuration, it is highly desirable

to be able to perform measurements on isolated gas-phase enantiomers. This is

certainly possible [31–33], but being an intrinsically dilute medium that lacks

orientational order and any of the near-neighbor enhancement effects operating

in the condensed phase, gas-phase measurements are always going to be

restrained by the weakness of the conventional CD effect.

B. Forward–Backward Asymmetry in Angle-Resolved Chiral Molecule

Photoemission

Many readers will have some familiarity with the standard expressions for the

angular distribution of photofragments ejected from a randomly oriented (gas-

phase) molecule by perfectly polarized light:

IlinðyÞ ¼ 1þ bP2ðcos yÞ ð2Þ
IcplðyÞ ¼ 1� ðb=2ÞP2ðcos yÞ ð3Þ

Equation 2 applies to linearly polarized light, where y is the ejection angle

measured with respect to the electric field vector, while Eq. (3) applies to circular

polarization and y is measured relative to the photon propagation direction. The

function P2 is the second Legendre polynomial. The parameter b takes a value

ranging from �1 to þ2; these limits for linear polarization correspond,

respectively, to pure sin2 or cos2 distributions while b ¼ 0 corresponds to an

isotropic distribution. Therefore b characterizes the anisotropy of the distribu-

tion, and is commonly also referred to as an asymmetry parameter; because we

will soon be discussing other asymmetry in the angular distribution we will avoid

this latter terminology.
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Less widely appreciated is the fact that the angular distribution functions

Eqs. (2 and 3) are actually subcases of a more general form. It was first proposed

by Ritchie [34] that, even in the pure electric-dipole approximation, another

term was required for completeness, and that hence the general photoionization

angular distribution function, normalized over the surface of a unit sphere,

should be written as [35]:

IpðyÞ ¼ 1þ b
fpg
1 P1ðcos yÞ þ b

fpg
2 P2ðcos yÞ ð4Þ

where P1 is the first Legendre polynomial. The coefficients b
fpg
1 and b

fpg
2 depend

on the photoionization dynamics. They also depend explicitly on the polarization

as expressed by the superscript p (p ¼ 0 linear polarization, p ¼ �1 left, right

circular polarization). These coefficients will be shown to have the following

symmetry relationships [34, 35]:

b
f0g
1 ¼ 0 ð5Þ

b
fþ1g
1 ¼ �b

f�1g
1 ð6Þ

b
f0g
2 ¼ �ð1=2Þbf�1g

2 ð7Þ

From the condition Eq. (5) it is readily seen that for linearly polarized light the P1

term vanishes from Eq. (4) and the more familiar form of Eq. (2) is recovered for

linear polarization. Evidently, for linear polarization b
f0g
2 is just equivalent to the

b anisotropy parameter. Equation 7 also introduces the additional prefactor of�1
2

that occurs for circular polarization, as seen in Eq. (3).

For achiral molecules, the restriction b
fpg
1 ¼ 0 is quite general, applying for

any polarization; only for circular polarization and chiral molecules are nonzero

values of the b
f�1g
1 parameters possible. It will be shown that the reason is the

non-equivalence of the �1 spherical tensor components of the photoionization

matrix elements when the molecular potential has a preferential ‘‘handedness.’’

In this special case, the P1 Legendre polynomial (which is actually just a simple

cos y term) is retained in Eq. (4). Hence, a forward–backward asymmetry in the

angular distribution can be anticipated as y swings through 90�. Furthermore,

the antisymmetry of b
f�1g
1 [Eq. (6)] leads to a reversal of the forward–backward

asymmetry when the helicity of the radiation is exchanged, thus giving rise to a

CD (or difference between the response to left- and right-handed circular

polarization in the angle-resolved photoelectron spectrum). A similar reversal is

anticipated when the handedness of the enantiomeric molecular target is

exchanged.

This forward–backward asymmetry of the photoelectron distribution, expected

when a randomly oriented sample of molecular enantiomers is ionized by

circularly polarized light, is central to our discussion. The photoelectron angular
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asymmetry may conveniently be defined in a manner analogous to the Kuhn

g-factor as the difference in the electron fluxes through equal area elements

sin ydydf on the unit sphere in the 0� and 180� directions ratioed to themean flux
through an area element (averaged over the whole sphere):

g ¼ ½Ipð0�Þ sin ydydf� Ipð180�Þ sin ydydf�= sin ydydf
g ¼ 2b

fpg
1 ð8Þ

where the second line follows from Eqs. (4 and 6). This choice of definition

establishes a clear link between the asymmetry and the anticipated b
f�1g
1

parameters.

1. A Simple Analogy

A detailed derivation of the photoionization differential cross-section expres-

sion, leading ultimately to the angular distribution in Eq. (4), is provided in

Appendix A. This will help provide a detailed understanding of the

photoelectron dynamics that determine the angular distribution parameters,

as will be discussed in a subsequent section, but for now it may help develop the

reader’s appreciation of this phenomenon to provide a simple, if necessarily

inexact, mechanical analogy.

Consider a threaded rod, representing a molecular enantiomer, that lies away

from an observer. If the observer reaches out and spins a nut on the rod

clockwise with his right hand, the nut will travel forward, away from the

observer, and will shortly fly off the rod. Here, the angular momentum imparted

to the nut (electron) by the observer’s hand (photon) causes it to be ejected in a

specific direction from the rod (molecular enantiomer) in the observer’s

reference frame. This is mediated by the interaction between the chiral thread of

the rod and nut (the chiral molecular potential). If the rod is turned through 180�

and the action repeated, the nut (electron) still departs in the same direction,

away from the observer. Hence, the orientation of the rod (molecule) in the

observer’s frame does not alter the direction in which the nut (electron) is

ejected.

Now, consider repeating these operations, but with the use of the observer’s

left hand to spin the nut in an anticlockwise direction as seen by the observer. It

should be apparent that, in either orientation of the rod, the nut will now travel

backward (toward the observer). This must suggest that an electron would be

ejected in a reversed direction following excitation by a photon of opposite

helicity, again mediated through the chiral interaction of the electron with the

enantiomer’s potential field.

Finally, the reader is invited to consider the above sequence of observations

when the right-hand threaded rod is substituted by an assembly with a left-hand

thread. The direction of the nut’s travel will in each case be the opposite of that
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already described. We infer that exchanging the handedness of the molecular

enantiomer will cause there to be a reversal of the observed (lab frame)

direction of photoelectron ejection.

C. Photoelectron Circular Dichroism

While it is clear that a direct measurement of the angular distribution, Eq. (4), with

a given helicity of light should be capable of yielding the b
f�1g
1 angular parameter,

it is often more convenient to examine the dichroism, or difference, obtained with

opposite helicities of the light (or, possibly, of the enantiomer). From Eq. (4) and

the antisymmetry property Eq. (6) one obtains an expression for the PECD:

IlcpðyÞ � IrcpðyÞ ¼ ðbfþ1g
1 � b

f�1g
1 ÞP1ðcos yÞ ¼ 2b

fþ1g
1 cos y ð9Þ

The PECD measurement clearly takes the form of a cosine function with an

amplitude given entirely in terms of the single chiral parameter, b1. It therefore

provides exactly the same information content as the g asymmetry factor defined

above [Eq. (8)]. Experimental advantages of examining the PECD rather than the

single angular distribution IPðyÞ are likely to include some cancellation of purely

instrumental asymmetries (e.g., varying detection efficiency in the forward–

backward directions) and consequent improvements in sensitivity.

However, any practical, quantitative use of Eq. (9) presupposes that fully

normalized distribution functions Ilcp;rcpðyÞ are available. If normalization by the

mean of the two angular intensities is included, as in the Kuhn g-factor Eq. (1),

we obtain:

�ðyÞ ¼ ðI0lcpðyÞ � I0rcpðyÞÞ=½ðI0lcpðyÞ þ I0rcpðyÞÞ=2�
¼ 2b

fþ1g
1 cos y=½1þ b

f�1g
2 P2ðcos yÞ� ð10Þ

where the primes indicate non-normalized experimental measurements. It can be

seen that knowledge of the second angular parameter b
f�1g
2 is in general still

required.

Figure 1 illustrates an actual experimental observation of the photoelectron

CD obtained from the hn ¼ 10:3-eV photoionization of (R)-camphor [36]. Full

details of this system and the experimental technique are considered later, but

for now we can note that the figure shows the intensity differences

[IlcpðyÞ � IrcpðyÞ] that have been observed by an electron imaging technique,

in a plane that contains the photon beam propagation direction. It is sufficient to

realize that photoelectron velocity maps onto the radial coordinate in the

circular distribution patterns; thus faster electrons are found at larger radius. In

this example, there are clearly two ring structures, an outer-ring structure

corresponding to ionization of the highest occupied molecular orbital (HOMO)
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orbital, and an inner-ring structure corresponding to slower electrons from

ionization of the HOMO-1 orbital.

It is very obvious from the peaks and troughs displayed in Fig. 1 that the

anticipated dissymmetry between forward and backward electron ejection

directions (relative to the photon beam direction) is borne out by experiment.

Moreover, one sees that the dissymmetry lies in opposite directions for

ionization of the two energetically accessible orbitals observed here.

A different view is provided in Fig. 2, which displays the chiral asymmetry

parameter measured across the hn ¼ 21:2-eV photoelectron spectrum for

both the (R)- and (S)- enantiomers of glycidol. The sign and magnitude of the

g-factor for a given enantiomer vary along the photoelectron spectrum. Note

that these changes correlate with different predicted orbital ionization energies

[38] such that the PECD spectrum can be seen to indicate underlying bands that

are not adequately resolved in the simple intensity curve of the photoelectron

spectrum recorded under identical conditions. Equally significant, the forward–

backward asymmetry measured by the g-factor reverses when the enantiomer is

changed, as anticipated above, such that the (R)- and (S)-enantiomer curves

mirror one another across the g ¼ 0 axis.

Figure 1. Photoelectron circular dichroism angular distribution [IlcpðyÞ � IrcpðyÞ] for the

hn ¼ 10:3-eV photoionization of (R)-camphor, as imaged with the photon beam propagating along

the x axis. The x; y axis scales are the physical pixel coordinates of the detector.
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Quite generally, we will find that the magnitude and direction of these chiral

dissymmetries varies greatly with both electron energy and initial orbital. The

prediction or interpretation of such characteristics falls beyond the capability of

the simple, intuitive analogy presented in II.B.1, so that we must now turn to

consider the quantum interference effects that control the observable

distributions in order to enhance our predictive abilities. A reader wishing to

pass over these details at first encounter will find a summary of the deductions

made at the start of the subsequent Section, IV.

III. PHOTOELECTRON DYNAMICS IN CHIRAL MOLECULES

A phenomenological description of the differential cross-section for emission of

photoelectrons into solid angle � in the lab frame can be written, assuming

random molecular orientation and an axis of cylindrical symmetry defined by the

photon polarization, as

ds
d�

¼ s
4p

X
j

b
fpg
j Pjðcos yÞ ð11Þ

Figure 2. Photoelectron chiral asymmetry factor, g, obtained as a function of electron kinetic

energy at hn ¼ 21:2 eV for the (R)- and (S)- enantiomers of glycidol. Also included is a moderate

resolution photoelectron spectrum recorded under identical conditions. Data from Refs. [37, 38].
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If the isotropic coefficient b
fpg
0 is specified to be unity, s is just the total

(integrated) cross-section. In Appendix A, an alternative quantum mechanical

expression for this cross-section is obtained in the electric dipole approximation.

By comparing the two expressions, it can be seen that the Legendre polynomial

coefficients in Eq. (11) may be obtained from the inner summation terms in Eq.

(A.15). Hence, the Legendre polynomial coefficients are

B
fpg
j ¼ 2p

X
lmn

l0m0n0

ð�iÞl�l0
eiðsl�sl0 Þð�1Þp�m�n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2l0 þ 1Þð2lþ 1Þp
ð2jþ 1Þ

� h1� p; 1pjj0ih1� n0; 1njjn� n0i
� hl00; l0jj0ihl0 � m0; lmjjm� m0i
� ½e1n0 f ð�Þ

l0m0n0 ��e1n f ð�Þ
lmn dn0�n;m0�m ð12Þ

In order to fix b
fpg
0 ¼ 1, the coefficients B

fpg
j in Eq. (12) have simply to be

renormalized, dividing each by B
fpg
0 , that is, b

fpg
j ¼ B

fpg
j =B

fpg
0 .

In Eq. (12), l;m are the photoelectron partial wave angular momentum and

its projection in the molecular frame and n is the projection of the photon

angular momentum on the molecular frame. The presence of an alternative

primed set l0;m0; n0 signifies interference terms between the primed and

unprimed partial waves. The parameter sl is the Coulomb phase shift (see

Appendix A). The f
ð�Þ
lmn are dipole transition amplitudes to the final-state partial

wave l;m and contain dynamical information on the photoionization process. In

contrast, the Clebsch–Gordan coefficients (CGC) provide geometric constraints

that are consequent upon angular momentum considerations.

A. Geometric Considerations

The role of the Clebsch–Gordan coefficients (CGC) in shaping the structure and

properties of the photoelectron angular distribution function has been discussed

previously [34, 35]. Triangle conditions on the first CGC in Eq. (12) restrict j to the

range 0 . . . 2 so justifying the limitation of the summation in Eq. (4) to no more

than the second Legendre polynomial term. In the specific case of linearly

polarized light (p ¼ 0), the first CGC in Eq. (12) is actually also zero for j ¼ 1;

hence, b
f0g
1 ¼ 0 [Eq. (5)] and the familiar Yang theorem result, embodied in Eq.

(2), is obtained whereby the lab-frame anisotropy depends only on the isotropic

term (P0) and the second Legendre polynomial term (P2). The conventional

electron anisotropy parameter, b, is thus bf0g2 in the present notation. If, instead,

circularly polarized light is considered (p ¼ �1), then for j ¼ 2 the value of the

first GCG, and hence b
f�1g
2 , is halved compared to that for j ¼ 2; p ¼ 0. With the

additional phase, ð�1Þp, appearing in Eq. (12) another well-known result is
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recovered; the effective b parameter for circularly polarized light is reduced by a

factor of�1
2
compared to the linearly polarized case, as indicated by Eqs. (3 and 7).

Significantly, when switching from linear to circularly polarized light the first

CGC in Eq. (12) acquires nonzero values of 	1=
ffiffiffi
2

p
for j ¼ 1, p ¼ �1.

Consequently, with circularly polarized light the first-order Legendre coeffici-

ents are not automatically constrained to be zero, as anticipated by Eq. (4); the

change of sign of the CGC for opposite circular polarizations provides a corre-

sponding change of sign in the b
f�1g
1 parameters, and hence the antisymmetry

noted in Eq. (6).

The polarization state p ¼ �1 is necessary but not, however, a sufficient

condition for a nonzero P1 coefficient in the angular distribution. Recalling the

general CGC symmetry relation

hl1m1; l2m2jl3m3i ¼ ð�1Þl1þl2�l3hl1 � m1; l2 � m2jl3 � m3i ð13Þ

and applying it to the second CGC when j ¼ 1 shows that it will vanish for

n ¼ n0 ¼ 0 and that it changes sign as ðn0; nÞ ! ð�n0;�nÞ – implying a net

cancellation of terms [34] over the full summation on n; n0 unless

f
ð�Þ
lmn¼1 6¼ f

ð�Þ
lmn¼�1 – a condition satisfied only by chiral molecules for which the

projections n ¼ �1 are inequivalent. Achiral molecules cannot then have a non-

zero b
fpg
1 parameter for any light polarization state. Only for chiral molecules

lacking a plane of symmetry will this second condition allowing for the retention

of a P1 term in the angular distribution Eq. (4) be satisfied. Furthermore, the

antisymmetry of the f
ð�Þ
lmn matrix elements upon the reflection required to convert

one enantiomeric form to another is then such as to exchange signs on the b
fpg
1

coefficients in much the same way as changing the light helicity does.

Applying the symmetry condition Eq. (13) to the third CGC implies that

l0 þ lþ j ¼ even. Along with the triangle rule this requires that l0 ¼ l for the

isotropic term j ¼ 0, l0 ¼ l� 1 for j ¼ 1, and l0 ¼ l� 2; 0 for j ¼ 2. These

deductions determine the nature of the interference implicit in each of the

angular parameters B
fpg
j . The fourth CGC in Eq. (12) further regulates

the interference between different m projections since jm� m0j 
 j. Further-

more the delta function in Eq. (12) requires that just as n0 6¼ n when j ¼ 1, so

too m0 6¼ m.

B. Continuum Scattering Phase Shifts

The partial wave basis functions with which the radial dipole matrix elements

f
ð�Þ
lmn are constructed (see Appendix A) are S-matrix normalized continuum

functions obeying incoming wave boundary conditions.

cð�Þ
lm ð~rÞ��!r!1 ðpkÞ�1

2ð2irÞ�1
X
L0

½eiwl0dLL0 � S�LL0e
�iwl0 �YL0 ðr̂Þ ð14Þ
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where k is the electron momentum, L is shorthand for l;m and

wl ¼ kr � lp
2
þ lnð2krÞ=k þ sl ð15Þ

Asymptotically, these functions assume the characteristics of the single outgoing

wave, lm, appropriate to the simple description of physical observables, such as

the angular distribution, but when approaching the inner-molecular ion core

region they have a mixed lm character from the various incoming wave

components [39, 40]. The S-matrix completely specifies the asymptotic outcome

of the short-range mixing of the lm waves by scattering between the

photoelectron and anisotropic molecular ion core.

Choosing the continuum inhomogeneity differently yields the alternative

K-matrix normalized wave functions:

cK
lmð~rÞ��!r!1 1ffiffiffiffiffi

pk
p r�1

X
L0

½sin wldLL0 þ KLL0 cos wl�YL0 ðr̂Þ ð16Þ

These functions have the real, long-range radial oscillatory behavior of Coulomb

waves (argument wl) with an asymptotic phase shift determined by the mixing of

the regular and irregular (sin and cos) forms. The K-matrix defines this mixing

and represents the scattering of a specific lm into more mixed angular momenta

caused by the short-range electron–molecule interaction. The S- and K-matrix

normalized functions are related by a simple linear transformation.

The continuum electron-phase shifts induced by the short-range scattering

off the chiral molecular potential are most conveniently introduced by a third

choice of continuum function, obtained by diagonalizing the K-matrix by a

transformation U, resulting in a set of real eigenchannel functions (apart from

normalization) [41]:

cE
að~rÞ ¼

X
L

cK
L ð~rÞULa

¼ 1ffiffiffiffiffi
pk

p r�1
X
L

½sinwl þ tan xa cos wl�YLðr̂ÞULa

ð17Þ

where xa is a channel phase shift characteristic of the short-range molecular ion

potential. Because these various continuum bases are related by unitary

transformations, the S-matrix normalized functions can be expressed in terms

of the eigenchannel functions as [42]:

cð�Þ
lm ð~rÞ ¼

X
a

ULae
�ixacE

að~rÞ ð18Þ
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Substitution of Eq. (18) into the partial wave expansion formula [Eq. (A.3)] gives

for the continuum state

�
ð�Þ
~k

ð~rÞ ¼
X
lm

ile�islY�
lmðk̂Þ

X
a

ULae
�ixacE

að~rÞ ð19Þ

from which it can be seen that net continuum phase shifts, Zlma, can be

represented using factors e�iðslþxaÞ that add the short-range molecular scattering

phase to the Coulomb phase.

C. Quantum Interference and Phase in the Angular Distribution

The last two CGC in Eq. (12) evidently dictate that rather different partial wave

interference contributions are made to each of the angular parameters. This will

impact on the dynamical information conveyed by each one. Equally important,

the phase subexpression

ð�iÞl�l0
eiðsl�sl0 Þ ð20Þ

that appears in Eq. (12) consequently plays subtly differing roles. By writing the

complex exponential as cosðsl � sl0 Þ þ i sinðsl � sl0 Þ it can be seen that the

effect of the ð�iÞl�l0
in this expression is to select out either the cosine or the sine

term as the real part of Eq. (20), depending on whether ðl� l0Þ is even or odd.

Only the real parts of the summands in Eq. (12), and similar, can contribute

toward physically observable properties, so that the contribution made by

relative phase shifts alternates according to the interfering ‘-waves.
First to be considered is the isotropic P0 coefficient. The B

fpg
0 parameter is

proportional to the integrated cross-section, s [Eq. (11)]. In fact, the preceding

arguments show that when j ¼ 0, l0m0 ¼ lm, and so there are no interference

cross terms in this case. Consequently, as is already widely recognized, the

integrated cross-section displays no dependence on the relative phase of the

final continuum channels.

The summation for the coefficient of the P2 term likewise includes phase

insensitive contributions where l0m0 ¼ lm, but also now one has terms for which

l0 ¼ l� 2, which introduce a partial dependence on relative phase shifts—

specifically on the cosine of the relative phase shift. Again, this conclusion has

long been recognized; for example, by an explicit factor cosðZl�1 � Zlþ1Þ in

one term of the Cooper–Zare formula for the photoelectron b parameter in a

central potential model [43].

In the more novel case of the P1 coefficient, only interference terms for

which l0 ¼ l� 1 arise, so now all summands contributing to B
f�1g
1 contain phase

shift information. This hints that the chiral b
f�1g
1 parameters could be more

sensitive to phase differences than traditional b parameters, and one would
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certainly expect that both will be more sensitive to dynamical details than the

phase insensitive cross-section measurement. But the full significance of the fact

that unusually now the phase dependence occurs in the form of the sine of the

phase difference ðsl � sl0 Þ also merits further exploration, as does the inclusion

of the additional phase shifts contributed by the short-range molecular

interaction potential.

Figure 3 shows the variation of Coulomb phase shifts sl. Changes between

successive shifts become less as both ‘ and the energy increase. The variation of

the functions cosðsl � sl�2Þ and sinðsl � sl�1Þ, expected to feature in respe-

ctively the b
fpg
2 and b

f�1g
1 evaluations, are also shown. As the angular diffe-

rences get smaller the cosine function approaches 1 and is at its most slowly

varying; conversely the sine function varies most rapidly in the same region

Figure 3. Coulomb phase shifts plotted for various kinetic energies (Rydbergs); (a) sl relative

to the ‘ ¼ 0 wave; (b) cosðsl � sl�2Þ; (c) sinðsl � sl�1Þ.
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where it is approaching zero. Thus cosðsl � sl�2Þ quickly reaches a limiting

value �1, while sinðsl � sl�1Þ continues to show much greater variation to

higher ‘. Similarly, the cosine terms converge to a limiting value with increasing

energy more rapidly than do the sine terms. These differences are of course even

more pronounced in percentage terms because of the different magnitudes of the

sine and cosine functions.

These distinctions become more profound if the Coulomb phase difference

in Eq. (20) is considered to be replaced by a net phase difference Zlm � Zl0m0

that includes the short-range phase shift induced by electron scattering off the

chiral molecular potential (see Section III.B). Small differences in the

molecular scattering phase between interfering channels will cause much

greater fluctuation in the contribution made to the chiral term due to the rapidly

varying sine function around zero. Likewise, small variations in the phase of a

given channel, perhaps as a result of change in molecular conformation

diffused across the molecule, are likely to have a seemingly disproportionate

effect on the summation for the b
f�1g
1 parameter because of the rapidly

fluctuating sine term. An additional sensitization to small phase variations

around zero can be attributed to the sinðZlm � Zl0m0 Þ term since, unlike a cosine

function, it will introduce a dependence on sign as well as magnitude of small

phase differences.

When experimental results are later introduced, it will be seen that the

significance of the final-state scattering in PECD measurements is confirmed by

the observation that for C 1s core ionizations, which must therefore proceed

from an initial orbital that is achiral by virtue of its localized spherical

symmetry, there is no suggestion that the dichroism is attenuated. The sense of

the chirality of the molecular frame in these cases can only come from final-

state continuum electron scattering off the chiral potential. Generally then, the

induced continuum phase shifts are expected to be of paramount importance in

quantifying the observed dichroism.

D. PECD and CDAD

It may be worthwhile to compare briefly the PECD phenomenon discussed here,

which relates to randomly oriented chiral molecular targets, with the likely more

familiar Circular Dichroism in the Angular Distribution (CDAD) that is observed

with oriented, achiral species [44–47]. Both approaches measure a photoemis-

sion circular dichroism brought about by an asymmetry in the lab frame electron

angular distribution. Both phenomena arise in the electric dipole approximation

and so create exceptionally large asymmetries, but these similarities are perhaps

a little superficial.

In CDAD, a chiral experimental geometry is created about a fixed molecular

orientation, and the asymmetry in the electron distribution can be observed in

directions mutually perpendicular to the photon propagation direction and the
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molecular axis. The pertinent angular distribution is essentially a molecule

frame fixed distribution, and the quantum interference structure of the

asymmetry expression describing this is quite different from the PECD

expressions given here. Hence, there are some fundamental differences between

the two experiments.

At a phenomenological level too, there are differences since the CDAD effect

disappears in directions parallel to the photon beam, whereas PECD asymmetry

is maximized in these directions. Conversely, the PECD asymmetry disappears

in directions perpendicular to the photon beam where the maximum CDAD

asymmetry can be found.

Of course, it is possible to contemplate experiments that examine

photoionization of oriented chiral molecules. An expression has been given for

the angle integrated (total) ionization cross-section in such circumstances [48] and

CDAD-type measurements have been reported on adsorbed chiral molecules [49,

50], but the interplay of natural and geometric chirality in angle-resolved

dichroism measurements remains very much a topic for future investigation.

IV. THEORETICAL MODELING OF PECD

It is perhaps surprising that the key features of Ritchie’s original work [34]

identifying this novel asymmetry in the photoelectron angular distribution from

randomly oriented chiral molecules [Eq. (4)], and his inference that as a pure

electric dipole interaction it ought to give rise to much stronger asymmetries than

natural absorption CD, lay practically dormant for many years. One other early,

independent theoretical study [48] provided an estimate of the expected strength

of the PECD effect, but it was not until much more recently that realistic

quantitative calculations became feasible [35, 51]. These confirmed the expected

magnitude of the asymmetry and suggested a dynamical richness of PECD

measurements. Fortuitously, these developments also coincided with the wider

availability of circularly polarized vacuum ultraviolet (VUV) and soft X-ray

(SXR) synchrotron radiation that it is required for fully practicable experimental

investigations. These advances in both theoretical and experimental capabilities

underpin current interest in the topic. Experimental aspects are covered in a later

Section V, but here theoretical modeling of PECD phenomena is discussed.

It was shown in the preceding section that PECD can be anticipated to have

an enhanced sensitivity (compared to the cross-section or b anisotropy

parameter) to any small variations in the photoelectron scattering phase shifts.

This is because the chiral b
f�1g
1 parameter is structured from electric dipole

operator interference terms between adjacent ‘-waves, each of which depends

on the sine of the associated channels’ relative phase shifts. In contrast, the

cross-section has no phase dependence, and the b parameter has only a partial

dependence on the cosine of the relative phase. The distinction between the sine
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and cosine dependence is significant where small phase differences are

concerned; the sine function will vary most rapidly around zero, and depend on

sign, as well as magnitude. It can thus be anticipated that PECD is sensitized to

small phase shifts, but in a manner whose detail becomes hard to intuit.

Numerical computation has therefore much to contribute to understanding

specific detail of PECD.

A. Computational Methods

The numerical computation of PECD effects requires calculation of the radial

dipole matrix elements, f
ð�Þ
lmn for evaluating the parameters B

fpg
j from Eq. (12) .

The challenge, as in all photoionization dynamics calculations, lies in evaluating

the continuum functions. However, these challenges are particularly accute in

application to PECD for three reasons. First, the molecules of interest are very

much larger than those normally treated by such calculations—for example, the

chiral terpenes that are featured in our investigations are all C10 molecules.

Moreover, such chiral molecules, by definition, lack any elements of symmetry

(although some chiral species may possess a C2 rotational axis). Consequently,

full molecule calculations are necessarily large scale and lack any scope for

efficiency savings achieved by exploitation of molecular symmetry. It is also

found that calculations for the b
f�1g
1 parameter tend to converge more slowly

than do either cross-section or b parameter calculations, further raising the

computational effort demanded [52, 53].

To date, two different methods have been applied. The author’s group have

extended the continuum multiple scattering (CMS-Xa) method [40, 54] to treat

PECD problems [35, 36, 51, 52, 55–57]. Briefly, the continuum multiple

scattering treatment is a parameterized approach that requires the construction

of a self-consistent ground-state potential in which the exchange contribution to

an effective one-electron potential is represented using the Xa local density

approximation [58]. This proceeds by partitioning the molecule into over-

lapping spherical regions about each atomic center, enclosed within an outer,

spherically symmetric region. Both bound and continuum electron wave

functions can then be expressed in a basis of spherical harmonic functions,

truncated at some value, ‘max in each spherical zone of the potential, with radial

terms obtained by direct numerical integration. For the continuum problem, the

self-consistent Xa potential does not have the correct asymptotic form

(Coulomb attraction for ion plus electron) and so is post-modified to have

this property before the continuum functions are calculated. Further relevant

computational details are to be found in the cited references.

Stener and co-workers [59] used an alternative B-spline LCAO density

functional theory (DFT) method in their PECD investigations [53, 57, 60–63].

In this approach a normal LCAO basis set is adapted for the continuum by the

addition of B-spline radial functions. A large single center expansion of such
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functions is augmented in a multicenter treatment by functions placed on

additional centers, allowing improved efficiency in the convergence, especially

with asymmetric molecules such as these. The system is then solved at the DFT

Kohn–Sham level, using an appropriate exchange-correlation functional (mainly

the LB94 potential), which has the correct asymptotic Coulomb behavior.

Despite computational differences, both these approaches currently embody

the same fundamental physical model: independent electron, frozen core, fixed

nuclear geometry. In both cases, real K-matrix normalized functions [Eq. (16)]

are obtained, then transformed to the S-matrix form [Eq. (14)] required for

matrix element evaluation. While both methods rely on some degree of

parameterization—the B-spline DFT calculation in the exchange-correlation

functional, CMS-Xa through its Xa local potential model—CMS-Xa is

undoubtedly the more semiempirical, and has the most severe approximation

in its partitioning of the molecular potential into spherical regions. Indeed,

CMS-Xa is sometimes disparaged for this reason. It is interesting to compare

the relative performance of these two methods before relying on either to

interpret experimental subtleties.

1. PECD in Oxiranes

A comprehensive theoretical investigation of PECD in a series of substituted

oxiranes has been presented by Stener et al. [53] using the B-spline method.

Variations in the predicted dichroism were found as both a function of initial

orbital, and of the chemical substitution about the epoxy ring. These substitutions

do not induce very significant geometry changes in the optimized ring structure.

Figure 4 shows results obtained in this study for four specific orbital

ionizations in the molecule (S)-methyl oxirane. The HOMO orbital (16a) can be

characterized as the oxygen 2p lone-pair electrons, while the HOMO-1 (15a) is

a C��C��O ring s bonding orbital. The deeper lying orbital (9a) is a C��C
bonding p orbital, while finally we have selected the methyl group C 1s core

orbital to present here. Included in this figure are CMS-Xa calculations for the

same orbitals.1 These latter are calculated at a geometry optimized at the MP2/

6-31G(p,d) level, and utilize a very similar sized basis set expansion (‘max ¼ 15)

to the B-spline results.

In Fig. 5, a similar selection of results for the trans-difluoro-oxirane

molecule is presented, again comparing B-spline and CMS-Xa calculations as

before. In this case, the outer two orbitals have a reversed ordering; the O lone

pair (orbital 9b) is the HOMO-1 while the HOMO (11a) has C��C��O
s-bonding characteristics. The 5b level is analogous to the 9a in methyl oxirane,

1When comparing calculations, or calculations and experiment, it is important to ensure consistent

sign conventions are applied. This requires that the absolute configuration of the enantiomer and

photon helicity used in a calculation be clearly specified. See Appendix B
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being a C��C p-bonding orbital. However, as difluoro-oxirane has a C2 axis, the

two C atoms are symmetry equivalent in this case. Symmetric and

antisymmetric combinations of the 1s orbitals can be formed, but as these

would not be expected to be resolved experimentally the results are presented

together in combination in the fourth panel.

Overall, it can be seen from Figs. 4 and 5 that in predicting the b parameters

almost identical results are obtained in five out of the eight cases. Significantly

perhaps, these include the more highly localized O- lone pair and C 1s orbitals.

The worst agreement in both molecules is seen for the more delocalized ring

p orbital.

Figure 4. Calculated angular parameters b
f0g
2 ð� bÞ and b

fþ1g
1 for (S)-methyl oxirane: solid

curves CMS-Xa; broken curves B-spline (Ref. [53]). Results are given for ionization from four

different orbitals: (a) 16a (HOMO); (b) 15a (HOMO-1) ; (c) 9a; (d) 4a (C 1s). Experimental data

points for b
fþ1g
1 are included where available for (a) and (b). Taken from Ref. [62].
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Turning to the predictions for the chiral b
fþ1g
1 parameters, it must first be said

that the two calculations are remarkably consistent with one another in the

results they provide. This may be especially true for the difluoro molecule, with

again the ring p orbital proving the worst match. Nevertheless, even here the key

characteristics (magnitude, shape, switch of sign, etc.) are clearly equally

captured by both calculations. The methyl oxirane provides an opportunity for

comparison with experimental data [62] that are available for the two outer

orbitals. From Fig. 4 it would appear that the B-spline calculation performs

marginally better in the HOMO ionization, the CMS-Xa in the HOMO-1

ionization; in truth the differences between either calculation and experiment

are likely to be of no special significance. It is then very gratifying that these

two independent calculations provide such close agreement, as clearly they

Figure 5. Calculated angular parameters b
f0g
2 ð� bÞ and bfþ1g1 for trans-(2S,3S)-difluoro-oxirane:

solid curves CMS-Xa; broken curves B-spline (Ref. [53]). Results are given for ionization from four

different orbitals: (a) 11a (HOMO); (b) 9b (HOMO-1) ; (c) 5b; (d) 3a/2b C 1s.
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capture the same underlying physics, and are in accord with experiment where

this can be checked.

One can, however, learn from the small discrepancies that are apparent.

First, the more delocalized and out-of-plane orbitals produce the biggest

net differences in the angular parameters and here, at least, it is not

unreasonable to suppose that this may be a consequence of their being

diffused over several of the discrete regions, including the interstitial region,

in the crudely approximated spherically partitioned Xa potential. Second, the

most significant region for differences is found within a few electronvolts of

threshold. For example, in Fig. 4b where the predicted b
fþ1g
1 parameters differ

strongly in sign and magnitude. Unfortunately, this is also an experimentally

difficult region, but intuitively one may expect the outgoing electron to be

most sensitive to the chiral molecular potential at low energy, and so the

threshold region to be most challenging for theoretical modeling. Conversely,

intuition suggests that the photoelectron should be least sensitive to the chiral

potential at higher energies, and so in all cases here, and indeed in all other

studies to date, it is no surprise to see the dichroism decaying to zero with

increasing electron kinetic energy.

Let us continue to examine the general characteristics of PECD emerging

from either of these computational approaches. These pure electric dipole

calculations continue to show [35, 51] that, at least within a few tens of an

electronvolt of threshold, the chiral asymmetry is of the order of 0.1, with

possible peaking at considerably greater values. Second, these b
fþ1g
1 parameters

and the corresponding asymmetry factors, g, oscillate and may even change sign

as a function of electron energy. As intimated previously, this variation is

ultimately a consequence of the origin of the phenomenon in quantum

interference effects that pass beyond simple intuitive prediction. Nor does the

peak magnitude of the dichroism generally appear to scale with the degree of

localization of the initial orbital, as can be seen in the subset of the data presented

here. Furthermore, as noted by Stener et al. [53] in their full study, the chiral

parameter displays far greater variation with chemical substitution than either the

cross-section or b parameter. Evidence for this can be seen here comparing the

C��C s orbital data for the two oxiranes in Figs. 4 and 5. A similar comparison

can be made for the O lone pair, and so such sensitivity to substitution seemingly

applies regardless of whether or not the initial orbital is heavily localized and

inherently ‘‘achiral’’. One infers that it is the final-state scattering diffused over

the full chiral molecular potential rather than the initial orbital that lends this

enhanced sensitivity. These observations are consistent with the explanation

advanced in Section III.C that the quantum structure of the b
f�g
1 parameter

renders it uniquely (in the present context) sensitive to even small changes in

scattering phase that might be induced by any chemical substitution, even when

such changes occur at relatively remote sites in the molecule.
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2. PECD in Camphor

Another detailed comparative study of B-spline and CMS-Xa calculations that

has been presented [57] addresses core and valence-shell PECD in camphor. For

this molecule, a substantial amount of relevant experimental PECD data for the

core [56] and valence-shell ionization [36, 56, 64, 65] is now available, allowing

a full three-way comparison to be performed. Detailed discussion of the

interpretation of the experimental results achieved with these calculations is

deferred until Section VI.B, but it is helpful here to summarize the conclusions

regarding the computational approaches.

For the carbonyl carbon 1s core level ionization, excellent quantitative

agreement of the b
f1g
1 parameters is found, both between the alternative calculations

and between either calculation and experiment (see Section VI.B.I). Given the

spherical, therefore achiral, nature of the 1s initial orbital in these calculations, any

chirality exhibited in the angular distribution must stem from the final-state

photoelectron scattering off the chiral molecular ion potential. Successful

prediction of any non-zero chiral b
f1g
1 parameter is clearly then dependent on a

reliable potential model describing the final state. At this level, there is nothing

significant to choose between the potential models of the two methods.

For the HOMO and HOMO-1 valence-shell ionizations, the three-way

agreement CMS-Xa—B-spline—experiment is good but no longer exact [36,

57]. It may be supposed that these contrasting observations imply a common

difficulty for the two theoretical methods when specifically applied to the

valence shell, and one that ends up being differently approximated by them.

Both the LCAO B-spline DFT and the CMS-Xa methods describe their

respective potentials in a static formalism, so the response of the electron

density to the external electromagnetic field is completely neglected in either

case. In fact, it is already suspected from work on smaller systems that the

omission of such response effects becomes a much greater deficiency in

valence-shell ionization due to the greater response effects anticipated [66–

68]. These response effects become very large in the presence of highly

polarizable valence electrons, typically when 3p shells are filled as in Ar or

second-row hydrides [66]. At the much higher photon frequencies necessary to

ionize core orbitals, valence-shell cross-sections are quite small, and therefore

any valence response effects are by then strongly reduced. Further work is

required to establish the importance of inclusion of response effects in

modeling PECD.

B. Convergence of the Partial Wave Expansion

A common finding of computational PECD studies is that a relatively large

partial wave expansion, typically running to ‘max � 15 is required. Chiral

molecules necessarily are of very low, or no, symmetry, and hence are quite
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irregularly shaped. Intuitively, it might be rationalized that a greater spatial

irregularity of the molecule would necessitate a higher harmonic content for the

description of properties that must in some way sense that ‘‘shape’’ (e.g., the

photoelectron angular distribution). Hence, it may be reasonable that chiral

molecules may well need a higher ‘max for an adequate description of their

photoionization dynamics than is more typically employed for more symmetric

molecules.

Figure 6 shows some of the results obtained as part of a large systematic test

of the impact of basis set size on convergence in CMS-Xa calculations

performed for the (R)-enantiomer of carvone. [38, 52]. The angular basis used

for the atomic sphere regions as well as the asymptotic region were varied; the

asymptotic ‘max proved most critical and the data in the figure represent a

balanced choice of atomic and asymptotic ‘max for small medium and large

Figure 6. The CMS-Xa convergence tests made for the for the C����O carbonyl C 1s�1

ionization of the most stable (E1) conformer of (R)-Carvone. . . .. . . Small basis, ‘max ¼ f8; 4; 1g;
– – – – Medium basis, ‘max ¼ f10; 6; 2g; _______ Large basis, ‘max ¼ f18; 10; 3g.
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basis sets. These are designated by the truncation limits applying to the outer

(asymptotic) region, the C or O atomic regions, and the H atomic regions

respectively, namely f‘out; ‘C&O; ‘Hg.
It is apparent from this figure that the two calculated angular parameters are

both more sensitive than the cross-section to a premature truncation, and that the

the chiral b
f1g
1 parameter is more sensitive than the b

fpg
2 , or b, parameter. The

indicated choice of an asymptotic ‘max ¼ 18 represents a larger than usual (by a

factor 
 2) outer sphere ‘max value, but is required for adequate convergence

avoiding exaggerated oscillations at higher electron kinetic energies, especially

in the chiral b
f�1g
1 term. This finding has been replicated in other chiral

molecule PECD CMS-Xa calculations referred to in this chapter.

A similar convergence study has been reported for the B-spline calculation for

trans-2,3 dimethyloxirane molecule. et al. [53] The authors in fact comment that

the b
f1g
1 parameter is no more demanding on basis set size than the b parameter,

but their data ([53] Fig. 1) show that when the asymptotic ‘max is increased from

10 to 15 there is a significantly greater improvement in the former angular

parameter. A value of ‘max ¼ 15 was chosen for all subsequent B-spline

calculations for oxiranes, and the same limit tends to be applied in the other

reported B-spline calculations of chiral molecule PECD [60, 61].

Why should calculations of b
f�1g
1 evidently converge more slowly than those

for b
fpg
2 , and both more slowly than cross-section calculations? It seems likely

that this is a consequence of the very different interference structure of these

three terms and their different phase dependence—particularly the slower

convergence of the sinðZlm � Zl0m0 Þ terms in the b
f�1g
1 expression (see Section

III.C). When phase differences are small, as they will be for higher ‘ waves that
are partly attenuated in the molecular core region by centrifugal barriers, the

rapidly varying sine term will lend them a disproportionate influence on the final

value of b
f1g
1 .

C. Molecular Conformation and Substitution Effects

In one of the very first realistic computational studies of PECD effects,

performed for the amino acid alanine [51], it was noted that different results were

obtained at each of three fixed geometries corresponding to low lying

conformations identified in previous structure investigations [69–71]. A later

combined experimental–theoretical study of PECD in 3-hydroxytetrahydrofuran

[61] further looked at the influence of presumed conformation and concluded

that while the predicted cross-section, s, and b parameters were mildly affected

by conformation, the chiral b
f�1g
1 parameters were much more strongly

conformer dependent. The B-spline calculated PECD curves for the two

conformations considered show very pronounced differences (see Fig. 7) and

the distinctions are easily sufficient to distinguish and identify the dominant

conformer present in the experimental sample.
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Two wider ranging, more systematic investigations of conformational

dependence have since been performed to establish whether the conformational

sensitivity noted in the above PECD studies may generally provide a means for

identifying and distinguishing gas-phase structure of suitable chiral species. The

B-spline method has been applied to the model system (1R,2R)-1,2-dibromo-

1,2-dichloro-1,2-difluoroethane [60]. Rotation around the C��C bond creates

three stable conformational possibilities for this molecule to adopt. The results

for both core and valence shell ionizations reaffirm an earlier conclusion; s and

b are almost unaffected by the rotational conformation adopted, whereas the

PECD varies significantly. For the C 1s ionization to show any sensitivity at

all to the relative disposition of the halogen atoms further reinforces the

point made previously in connection with the core level PECD phenomenon,

Figure 7. The PECD b
f1g
1 curves calculated for outer three orbital ionizations of

hydroxytetrahydrofuran by the B-spline method. The solid curves refer to the conformation

calculated to be most stable, the broken curves to a more energetic conformer. Experimental points

with error bars are included for comparison. Reproduced, with permission, from Ref. [61].
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that in such circumstances it is the delocalized continuum state that has the

opportunity to sense the molecular chirality, and must therefore predominantly

determine the PECD.

A study on conformational dependence of the PECD in carvone [38, 52]

provides further corroboration of the picture emerging from these investiga-

tions. The carvone molecule has a six-membered ring with an isopropenyl tail

grouping, and it is this tail that can move to create six different conformational

structures, pictured in Fig. 8. These divide into two groupings; those with the

tail axial to the ring, and those with it equatorial. In each case, three rotational

conformers are obtained from rotation of the tail group. The axial and equatorial

groups interconvert via a ring inversion, but otherwise the ring structure can be

assumed quite rigid.

CMS-Xa calculations were performed to examine the C����O carbon 1s PECD

following an experimental investigation of this system [55]. Results of the

calculation for b
f1g
1 for the conformers of (R)-carvone are shown in Fig. 9. Once

again it is clear that there are major differences in the predicted b
f1g
1 curves,

principally seen between the axial and equatorial groupings, but also significant

variations among the rotational conformers in each category. This finding is all

the more remarkable when it is recognized that the initial C 1s orbital is

localized at some distance from the rotating tail group. Yet again, this highlights

the role of multiple scattering, apparently effective over a range extending well

beyond near neighbor, in the continuum state.

There were indications from other experimental work [72–74] that only the

lower energy equatorial conformers are significantly populated at modest

e1

a1

e2

a2

e3

a3

Figure 8. Equatorial e1; e2; e3 and axial a1; a2; a3 conformations of the carvone molecule.

The asymmetric (chiral) carbon is shaded light gray, the ����CH2 carbon in the isopropenyl tail is

shaded mid-gray and the carbonyl oxygen atom is shaded dark gray. Taken from Ref. [38].
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temperatures, and an average PECD from these three is compared against

experiment in Fig. 9. However, the agreement is improved by taking a

Boltzmann weighted average over all six, suggesting the conclusion that the

more energetic equatorial forms are also thermally populated. Perhaps the

extent of agreement does not provide definitive evidence on this point, but

nevertheless there are generally some clear indications that PECD may provide

useful structural information.

In the same CMS-Xa study [52], a series of (R)-carvone derivatives, all

in their single most stable conformation, were examined with a view to

determining the influence of chemical substitution on the PECD. Both the

295 300 305 310 315
Photon Energy (eV)

-15

-10

-5

0

5

10

-10

0

10

20

b 1 (
%

)

0 5 10 15 20 25
Electron Kinetic Energy (eV)

-10

-5

0

5

Equatorial

Axial

Mean

(a)

(b)

(c)

Figure 9. The C����O carbon 1s�1 photoelectron dichroism parameter, b
f�1g
1 for various

conformational forms of (R)-Carvone. Equatorial conformations (a): e1 ___; e2 – – – –; e3 . . . . . ..

Axial conformations (b): a1 ____; a2 – – – –; a3 . . . . . . Panel c shows these CMS-Xa results

averaged using relative populations derived from either B3LYP/6-31G** calculations (____) or

MP2/6-31G** calculations (– – – –). Mean experimental values (Ref. [55]) are included in this panel

for comparison.
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C 1s�1 ionization from the carbonyl group, and the HOMO�1 ionization of the

carbonyl oxygen lone pair were included, with similar conclusions. In Fig. 10

the results for the C����O core ionization are summarized, with the structure of

each derivative being indicated at the top of the figure.

The integrated cross-sections, s, calculated for this family of molecules are

very similar to one another; all have a number of features <15 eV (notably at 3,

7, 10, and 12 eV) that can be tentatively attributed to shape resonances. Some

supporting evidence can be gleaned from Hartree–Fock (HF) calculations.

Certain molecular shape resonances are known to correlate with valence-like

antibonding virtual orbitals that provide quasibound states embedded in the

ionization continuum. Minimal basis set HF calculations identify at least two

potential candidates—low lying p� virtual orbitals with energies � 0.2 and

� 0.4 hartrees. These virtual orbitals are located about the ring, are independent

of the tail group, and are common to all the molecules I–VII.

The b
f�1g
2 angular-distribution parameters show somewhat more molecule-

to-molecule variation, but are essentially still quite similar to one another. They

also display low energy structures that readily correlate with the noted features

in the cross-section curves, and the variations are mainly confined to changes in

the relative intensity of these. Much bigger differences are, however, found in

the calculated chiral b
fþ1g
1 parameters, though here as well there is a common
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Figure 10. The CMS-Xa predictions for cross-section, the anisotropy parameter

b
f�1g
2 ð� �b=2Þ, and the chiral b

fþ1g
1 parameter in the carbonyl C 1s photoionization of (R)-carvone

(I) and its indicated derivatives.
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characteristic (strong minimum at � 6 eV) and more detailed structures that

seemingly correlate with the resonant features in the cross-sections. It was

similarly noted in B-spline studies on four oxirane derivatives discussed

previously [53] that the chiral b
f1g
1 parameter changed far more on substitution

than either s or b.
In an effort to better understand the differences observed upon substitution

in carvone possible changes in valence electron density produced by inductive

effects, and so on, were investigated [38, 52]. A particularly pertinent way to

probe for this in the case of core ionizations is by examining shifts in the core

electron-binding energies (CEBEs). These respond directly to increase or

decrease in valence electron density at the relevant site. The CEBEs were

therefore calculated for the C����O C 1s orbital, and also the asymmetric

carbon atom, using Chong’s �EKS method [75–77] with a relativistic

correction [78].

Results for these CEBEs are presented in Table I. As can be seen, for the

carvone variants I–V the various substitutions have absolutely no effect at the

carbonyl C����O core, and are barely significant at the chiral center that lies

between the carbonyl and substituent groups in these molecules. Only upon

fluorine substitution at the tail (molecule VI) does the C����O CEBE shift by one-

half of an electronvolt; the second F atom substitution adjacent to the C����O in

the difluoro derivative, VII contributes a further 0.6-eV shift. This effect can be

rationalized due to the electron-withdrawing power of an F atom. Paradoxically,

it is these fluorine-substituted derivatives, VI, VII, that arguably produce b
f1g
1

curves most similar to the original carvone conformer, I, yet they are the only

ones to produce a perturbation of the ground-state electron density at the C 1s

core. This contributes further evidence to suggest that, at least for the C 1s

TABLE I

Table of Relativistically Corrected Core Electron Binding Energies Calculated

Using the �EKSðPW86� PW91Þ þ Crel Method.

Moleculeb �EKS þ Crel (eV)

C����O C*c

I 292.477 290.920

II 292.502 290.699

III 292.571 291.037

IV 292.540 290.792

V 292.584 290.945

VI 293.040 293.274

VII 293.619 293.651

aData taken from Ref. [38].
bMolecule structures as defined in Fig. 10.
cThe asymmetric carbon at the chiral center.

photoelectron circular dichroism in chiral molecules 295



ionization, PECD originates very much as a final-state scattering effect that

senses changes in the molecular potential (electron density) at some distance

from the initial localization site.

Of course, these studies raise the general question as to why the b
f1g
1

parameters are so much more sensitive to conformation than either s or b, and
how this sensitivity can extend to small changes in configuration or substitution

occurring at sites relatively far removed from the initial orbital scattering center.

The most plausible explanation, again, would seem to be the unique phase

dependence of this term, discussed in Section III.C. The appearance of relative

phase in a sine term seems likely to amplify the impact of even quite small

phase differences, such as may be expected when weak multiple scattering

remote from the initial site localization is subtly modified by conformational

changes.

D. PECD and Continuum Resonances

It is well known that the value of the b parameter, more than the cross-section s,
often shows a strong response to resonant structure embedded in the continuum.

Given the sensitivity exhibited by the b
f1g
1 parameter in the foregoing there must

be an a priori expectation that it would also show a strong response to resonant

behavior. Computational methods do not yet exist to deal with autoionization

phenomena in the systems of interest here, but one electron shape resonances

can, in principle, be examined.

A possible role for shape resonances has been postulated in a number of the

photoionization studies mentioned above [52, 53, 57, 60], although it has to be

noted that except for camphor [57], the evidence for the existence of the shape

resonance is not definitive. (It also then remains an open question how any such

resonances, inferred from fixed geometry calculations, would manifest

themselves in practice in large, and sometimes floppy, molecules, such as

these chiral species.)

In general terms, it has been seen here that the b
f1g
1 parameter curves are

almost always more structured than b parameter curves. The latter are known

from years of study to broadly conform to a pattern (in the absence of

resonances) that starts from a small value at threshold and over a span of a few

tens of electronvolts approaches the positive limit (b ¼ þ2), essentially

monotonically. Empirically, small distinctions between s and p orbital

ionizations can be discussed, and of course there are many significant

exceptions to such broad expectations. In contrast, there is clearly far more

variability, and much less intuitive predictability in the detail of the b
f1g
1 curves

we have seen. That being the case, while suggested shape resonant features in s
and b parameter curves can sometimes apparently map onto features in the b

f1g
1

curves [55, 57, 60] these are no more prominent than other structure and seem

unlikely, by themselves, to provide visual clues to the presence of a resonance.
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From the available evidence Stener and co-workers [53, 60] conclude that the

chiral b
f1g
1 parameter is more sensitive to small asymmetries in the molecular

potential than to continuum collapse effects at resonance. At present, such

conclusions must be provisional as there is little direct evidence. There is also

no evidence regarding likely behavior at autoionization resonances, and this too

deserves attention.

E. Future Developments

From the discussion provided here, it should be apparent that the current level of

theory can provide a reliable description for available experimental data that in

favorable cases approaches near exact agreement. Certainly, the prediction of

shape, magnitude, and importantly sign of the b
f1g
1 curves is already sufficiently

good to indicate that PECD could now serve to establish absolute configuration

of an enantiomer (R- or S-) where this is initially unknown.

The two computational methods, CMS-Xa and LCAO B-spline DFT, for now

provide consistent, comparable results [57] with little to choose between them in

comparison with experiment in those cases presented here (Sections I.D.1.a and I.

D.a.2). The B-spline method holds the upper hand aesthetically by its avoidance

of a model potential semiempirically partitioned into spherical atomic regions.

More importantly it offers greater scope for future development, particularly as

the inevitable increases in available computing power open new doors.

A common problem for both methods lies in the use of potentials that do not

possess the correct net attractiveness. This can have the consequence that

continuum features appear shifted in energy. In particular, there is evidence that

the LB94 exchange-correlation potential currently used for the B-spline

calculations, although possessing the correct asymptotic behavior for ion plus

electron, is too attractive, and near threshold features can then disappear below

the ionization threshold. An empirical correction can be made, offsetting the

energy scale, but this can mean that dynamics within a few electronvolts of

threshold get an inadequate description or are lost. There is limited scope to

‘‘tune’’ the Xa potential, principally by adjustment of the assumed a parameter,

but for the B-spline method a preferable alternative for the future may well be

use of the SAOP functional that also has correct asymptotic behavior, but

appears to be better calibrated for such problems [79].

The threshold region is in fact particularly challenging for theoreticalmodeling.

Intuitively, one anticipates that a slow outgoing photoelectron is most sensitive to

the molecular potential, thus requiring a more accurate potential. It is also likely

that electron correlation effects play an important role in this region [57] and one

can look to any further developments in exchange correlation potentials being

readily introduced into the B-spline method as they become available.

Both current methods share the limitation of being conducted for fixed

nuclear geometry—typically the ground-state equilibrium geometry. However,
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as made clear in Section I.D.3, the chiral b
f1g
1 parameter appears to be strongly

dependent on the assumed structure. This is then a concern particularly for

nonrigid molecules and those where low frequency or large amplitude vibrations

are possible. The consequences of the methyl group free rotation in

methyloxirane have been explored by repeating B-spline calculations for a

range of rotation angles [60]. Predictably, the b
f1g
1 parameter curves obtained

differ from one another (see Fig. 11), but the sheer magnitude of their variability

Figure 11. Cross-section, s, b parameter, and chiral Dð� b
fþ1g
1 ) for the 14a orbital of

(S)-methyloxirane for different rotational positions of the methyl group. Reproduced, with

permission, from Ref. [60].
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is still unexpected. Perhaps fortuitously, when a conformationally averaged

result is formed there is a significant mutual cancellation of individual

deviations from the equilibrium geometry result, so that the average is very

close to the original calculation at a fixed equilibrium geometry. It is not known

whether such cancellations to the equilibrium result can always be relied upon.

Dramatic geometry dependent variations, such as encountered in this study [60],

promote some consideration of potential vibrational coupling effects and

development of methods for the realistic inclusion of vibrational modes

constitute a goal for photoionization dynamics calculations generally.

Another general goal, but one already identified (Section IV.A.2) to be of

specific interest for PECD investigations, is the inclusion of the electron

density’s response to the external field. Applying a time-dependent (TD) DFT

formalism in the B-spline method provides a means to accomplish this. The

time-dependent perturbation creates an induced potential, as a result of

Coulomb and exchange-correlation responses, that provides a descriptor for

interchannel coupling effects. Continuum–continuum coupling mechanisms can

be expected to permit intensity borrowing between channels, whereas the ability

to model reliably discrete–continuum coupling, means that autoionization

phenomena can be naturally incorporated in a TD–DFT calculation.

While TD–DFT continuum calculations for molecules, such as camphor, are

not yet quite practicable, efforts to create highly parallel computer codes capable

of tackling this scale of problem are expected to be fruitful soon. In the

meantime TD–DFT studies for computationally less demanding small molecules

[66–68] or highly symmetric molecules, such as SF6 [79], have provided

indications of the general value of the inclusion of electron response effects.

V. EXPERIMENTAL TECHNIQUES FOR PECD
MEASUREMENT

Despite the first prediction [34] of a measurable PECD effect being a few

decades old, it is only in the last few years that experimental investigations have

commenced. Practical experiments have needed to await advances in experi-

mental technology, and improvements in suitable sources of circularly polarized

radiation in the vacuum ultraviolet (VUV) and soft X-ray (SXR) regions needed

for single-photon ionization have been been key here. In the meantime,

developments in other areas, principally detectors, also contribute to what can

now be accomplished.

Synchrotron radiation provides a convenient source of tunable VUV and

SXR radiation. Natural synchrotron radiation, emitted by relativistic electrons,

is linearly polarized in the plane of their orbit, which is traditionally the

configuration used to collect the radiation. However, it is well known that the

polarization becomes elliptical if observed above or below the plane of the orbit.
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In practice, this is difficult to exploit fully; one is essentially required to

misalign the optical beamline path to accept out-of-plane radiation. The degree

of ellipticity (misalignment) has to be traded against intensity and pure circular

polarization states are not achieved. Moreover, it is difficult to obtain symmetric

degrees of left and right polarization by moving above and below the orbit

plane, and very difficult to achieve reproducibility in beamline settings and in

optical alignment into the spectrometer when doing this. For this reason, the first

investigation of PECD [65, 80] made using this generation technology at the

BESSY I synchrotron (Berlin) chose rapid switching of the gas-phase

enantiomer in preference to that of the light polarization in order to demonstrate

the asymmetry in photoemission with minimal contribution from purely

instrumental asymmetries and long-term drifts.

The advent of helical magnetic insertion devices at newer generation

synchrotron sources has greatly improved this position, providing highly pure,

symmetric left- and right-circular polarization that can be rapidly switched.

The following section first summarizes the capabilities of these more recent,

insertion device equipped synchrotron sources that have been used for PECD

measurements by the author and co-workers, then the experimental techniques

employed with them to obtain PECD measurements.

A. Polarized Light Sources

An undulator, briefly, is a periodic array of magnetic poles inserted into the

straight sections of a synchrotron storage ring [81, 82]. The stored relativistic

electrons passing through this array are forced into oscillating transverse

excursions, and radiate as they do so. Interference effects at each oscillation

result in intense light emission in the forward direction, relatively narrowly

peaked about a central wavelength that is determined by the magnetic field

strength. In a planar undulator, the light is linearly polarized parallel to the plane

of the forced electron oscillations.

Helical undulators build on this principle by using two orthogonal magnetic

field arrays [82, 83]. These permit transverse excursions in perpendicular x and

y directions. If the arrays have a relative longitudinal shift, this introduces a

phase to the induced perpendicular excursions and when the phase is �90� the
electron trajectory can follow left- or right-handed corkscrew paths The emitted

radiation is correspondingly right- or left-handed CPL.

1. Polarimetry

Accurate experimental determinations require that not only the handedness of

the produced light, but its exact degree of polarization, are known. The

theoretical performance of an undulator may be in practice be degraded by

magnetic defects, and the optical beam can be further depolarized by reflections

along the beamline. Again, the dephasing on optical elements can in principle be
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predicted, but for some combinations of material and wavelength, the Fresnel

coefficients will be too rapidly varying and/or poorly known for this to be relied

upon. Long-term changes may also arise due to contamination build-up on

reflecting surfaces. Where possible, this all mandates the in situ checking of

polarization at the experimental chamber with a suitable polarimeter.

A complete description of the polarization state can be given by the set of

Stokes parameters

S0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S21 þ S22 þ S23

q
þ S4 ð21Þ

where S0 is the total flux, S1 corresponds to the difference in flux between

horizontal and vertical linear polarizations, S2 to the difference in flux linear

polarizations tilted 45� and 135�, S3 is the circular polarization state or the

difference between rcp and lcp components of the light, and S4 is the unpolarized

component. The Stokes parameters are normally quoted in normalized form

s3 ¼ S3=S0, and so on.

On an undulator beamline, s4 would normally only be non-zero as a

consequence of some defect or optical pollution from some source. The

dichroism and asymmetry factor, g, will scale with s3 so that the ideal for PECD

measurements would be to have js3j ! 1 and s4 ! 0.

2. UE56/2 Beamline, BESSY II

The UE56/2 SXR beamline at the BESSY II synchrotron (Berlin, Germany)

consists of two APPLE-II type undulators, producing linear or elliptical

polarizations [84], in series with an intervening chicane [85, 86]. This chicane

can be set to produce an angular displacement of 400 mrad between the optical

beams from the two undulators that are then propagated effectively in parallel

along the beamline, passing through a plane grating monochromator before

being brought back to a common focus in the spectrometer by the final

refocusing mirror. The lateral displacement of the two beams prior to this mirror

permits a mechanical selector or chopper to be inserted and so enables rapid

selection of either beam. For CD-type measurements, the two undulators can be

set to produce light of opposite circular polarization state. Spectra corresponding

to the two opposite photon helicities may thus be recorded in an interleaved

fashion. Switching at 0.1 Hz is sufficiently fast that signal variations due to long-

term drifts in gas pressure, decaying beam intensity, and so on, are common to

both spectra, and ideally will cancel when a dichroism signal is generated by

subtraction of one spectrum from another.

In situ polarimetry could be performed using an eight axis SXR polarimeter

[87] with multilayer optics mounted immediately behind the experimental

chamber. Full determinations of the four Stokes parameters are time consuming,
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but an abbreviated method [88] acceptable for ongoing checks permits the

magnitude2 of s3 to be obtained more rapidly, assuming s4 
 0.

It is revealing to look at an example of such data in Fig. 12. The UE56/2

beamline has two nominally identical branches with replicated optical paths, but

that have been used for different experiments. The measurements show a high

degree of circular polarization, js3j > 98%, except near carbon K edge where

the polarization reduces, but only on one branch. It is postulated that this is a

consequence of carbon contamination on a beamline optic in that branch. These

results demonstrate the necessity to be alert to such possible causes of

degradation and to perform polarization checks where possible rather than rely

on theoretical predictions.

3. SU5 Beamline, LURE

The SU5 beamline [89] at the Super-ACO synchrotron (LURE, Paris3) employed

an electromagnetic undulator to produce fully variable polarization in the VUV

region [83, 90, 91]. This beamline was equipped with a gas filter for the

suppression of unwanted higher order radiation [92] and had a VUV polarimeter

[93] permanently installed just before the experimental chamber that could be

rapidly lowered into the beam for polarization determinations. Full polarization

analyses had been performed in commissioning, with s3 values ranging from 0.9

to 0.96 for rcp and from 0.9 to 0.99 for lcp [93]. The remainder was determined
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Figure 12. The degree of circular polarization js3j measured behind the experimental chamber

on two optically similar branches fed by the same undulator pair of the UE56/2 beamline at BESSY

II. Data taken from Ref. [55].

3 LURE recently closed, but the concept of this beamline is to be reimplemented in the DESIRS

beamline under construction at the new Soleil synchrotron outside Paris.

2 The sign of s3 can be reliably assumed from the undulator setting.
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to be the s4 unpolarized component, with negligible linear components s1; s2. Just
as on the UE56/2 beamline the in situ polarimeter could be used in the rapid scan

mode for quicker verification of the s3 magnitude during experimental runs, if so

desired.

In principle, the electromagnetic undulator design permits a rapid

polarization switch by reversal of the current in one of the magnetic arrays.

Although a rapid switching mode was not offered on SU5 (polarization change

typically required a few minutes to complete), it is planned that such a mode

will be available on the upgraded DESIRS beamline once it has been

commissioned. This would then be expected to offer similar advantages to those

noted for the rapid switching on UE56/2.

4. CIPO Beamline, Elettra

The circular polarization (CIPO) beamline at the Elettra synchrotron (Trieste,

Italy) operates in the VUV–SXR range with radiation from a combination

permanent magnet–electromagnetic elliptical wiggler [94, 95]. This does not

achieve full circular polarization in the VUV region, but rather an elliptical

output with principal axis lying in the horizontal plane (s1 > 0; s2 ¼ 0; s3 < 1).

Unfortunately, in the VUV region no polarimetry data are available, but

calculations indicate the degree of circular polarization achieved by the wiggler

may be �80%, estimated to be no worse than 70% delivered at the experimental

chamber [95, 96]. In PECD experiments, we have calibrated the polarization

state by deduction from cross-comparison of results at a few fixed energies

previously studied on the SU5 beamline where accurate polarimetry data was

available [36]. Because the horizontal magnetic field array in the insertion device

is electromagnetic, fast current reversal to switch left- and right-handed elliptical

polarizations is possible, with the usual potential benefit for dichroism

measurements.

B. Photoelectron Imaging for PECD

An electron imaging technique has been developed by the author and his

co-workers for recording PECD data. In this approach the three-dimensional

(3D) photoelectron angular distribution is projected onto a two-dimensional (2D)

position sensitive detector. [97, 98] Assuming a cylindrical axis of symmetry (in

this case the photon beam propagation direction) the 3D velocity distribution can

in principal be reconstructed by one of several variants based on the inverse Abel

transformation [98]. The potential advantages for measurement of the chiral

asymmetry in the photoelectron angular distribution are evident; the full

photoelectron energy and angular distribution [Eq. (4)] is captured, and can

hence be recovered, in a single measurement that uses the full 4p solid angle of

the photoemission, guaranteeing maximum efficiency and count rate.

Many algorithms for implementing the data inversion of a projected image

have been proposed, but a limitation common to many is that they operate along
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chords perpendicular to the symmetry axis in the image, from the outer edge,

toward the center. A consequence is that noise tends to accumulate in the center

along the symmetry axis. For measurement of the forward–backward electron

asymmetry this is particularly unfortunate since the directions (0�; 180�) in which
the asymmetry is expected to be peaked are the most obscured by such noise.

This has motivated development of a new fitting procedure [99] that builds

upon an earlier idea to fit a 2D projection image with a set of basis functions

having known inverse Abel integrals—the basis set expansion or Basex method

[100]. In our development, the image is first transformed from the Cartesian

coordinates of the detector to polar coordinates [99]. This transformed image is

then fitted with fr; yg basis functions where the angular terms are restricted to

just those Legendre polynomial functions expected from the underlying

physics—in the present case P0;P1;P2. Operating on the image in fr; yg space

is better adapted to the polar symmetry of the photoionization process (or

indeed many photofragmentation experiments) and brings immediate efficiency

benefits through a much reduced basis set size and an improved quality of fit.

Indeed, this polar modified (pBasex) inversion procedure seems to be quite

generally beneficial [99]. The accumulation of noise toward the center now

moves to the central mid-point area of the original image, where the information

content is already minimal. The fitted radial distribution directly maps the

electron speed distribution (effectively the angle integrated photoelectron

spectrum) while the angular distribution is directly and fully expressed in the

fitted Legendre coefficients obtained at each resolved radius–energy.

Our imaging spectrometer is also a special development of the now

ubiquitous velocity map imaging (VMI) device [101]. The velocity mapping

conditions use gridless electrodes for charged-particle extraction and accelera-

tion toward the detector to create an immersion lens whose transfer function

ideally maps all image trajectories of given velocity to the same point on the

detector plane, regardless of their initial position in the source. This can

substantially eliminate the smearing of an image by trajectories that start from

different locations in a source volume of finite dimensions.

For a synchrotron radiation experiment, this feature is particularly

advantageous; although modern beamlines produce a small spot size at the

experiment (
 250 mm) ionization volumes may nevertheless be quite extended

along the photon beam direction due to the gentle focusing (f � 1 m). Unlike

many tightly focused laser experiments there is thus no pronounced beam waist.

A second aspect motivating our development is that frequently a greater range

of kinetic energies—perhaps several tens of electronvolts—can be accessed and

is of interest in a typical synchrotron experiment. The ability to image high

energy electrons fully onto a detector is set by limits on physical apparatus

dimensions and achievable extraction fields. To overcome these limitations, we

implemented a coupled double einzel lens in the drift space of the VMI
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spectrometer [102] with the intention of zooming the image size. The lens

design was optimized with a genetic algorithm, and the final choice increases

the maximum energy that can be imaged by a factor of up to 2.5 while

maintaining good focusing properties for a source of several millimeters

extension. A schematic showing the lens structure and the velocity mapping by

means of ray-traced trajectories is shown in Fig. 13. An added bonus from this

new lens is an improvement in the radial focusing performance when the lens is

operated below full strength compared to operation of the spectrometer without.

The spectrometer is fitted with a skimmed c.w. supersonic molecular beam

source. Many chiral species of interest are of low volatility, so a heated nozzle–

reservoir assembly is used to generate, in a small chamber behind a 70-mm
pinhole, a sample vapor pressure that is then seeded in a He carrier gas as it

expands through the nozzle [103]. Further details of this apparatus are given

elsewhere [36, 102, 104].

1. Data Acquisition and Analysis

A single image recorded for a fixed enantiomer and fixed circular polarization

state in principle carries the full information sought consisting, after inversion, of

the parameters b
f�1g
1 ; b

f�1g
2 and the radial distribution function nðrÞ. After

mapping to energy space nðrÞ gives nðEÞ, the photoelectron spectrum (PES). The

full cylindrically symmetric 3D electron distribution before projection onto the

2D detector, and which we seek to recover by the image inversion, can be written

iðr; yÞ ¼ nðrÞIfpgðy; rÞ ð22Þ

where Ifpgðy; rÞ is the angular distribution Eq. (4) but with possible energy

dependence of the b
fpg
j parameters explicitly acknowledged through a parametric

Deflectors

y

z

Repeller Extractor

L1 L2

L=264 cm

PSD

R

Figure 13. Modified Velocity Map Imaging spectrometer showing the double einzel lens,

L1; L2, and 5-eV kinetic energy initially transverse trajectories from an extended source volume with

Vrep ¼ 3000 V, Vext ¼ 0:695� Vrep, and VL1 ¼ VL2 ¼ 1000 V. Taken with permission from Ref.

[102]. Copyright (c) 2005, American Institute of Physics.

photoelectron circular dichroism in chiral molecules 305



dependence on r, the radial coordinate. However, there are advantages to

obtaining and working from both the lcp and rcp images. This is discussed fully

elsewhere [36] and summarized here.

Ideally, if rapid polarization switching is available recordings with the two

polarizations are interleaved, so minimizing any differences in the accumulated

data that could be attributable to long-term drifts. Failing that, a pair of images

with the alternative polarizations have been recorded in sequence, taking care to

accumulate the same integrated electron count in each. Typically, this total

count may be of the order of 107–108 electrons per image. In practice, because

of the decay of the stored electron current and corresponding decrease in light

intensity, this requirement may mean longer acquisition times for the second

image.

The two images may be subtracted to create a difference image that reveals the

dichroism directly. The 3D distribution recovered upon inversion, Dðr; yÞ, is thus

Dðr; yÞ ¼ ilcpðr; yÞ � ircpðr; yÞ
¼ nlcpðrÞIfþ1gðy; rÞ � nrcpðrÞIf�1gðy; rÞ ð23Þ
¼ nðrÞ2bfþ1g

1 ðrÞ cosðyÞ ð24Þ

where the last step follows from the properties of Eq. (4) and an assumption that

the radial distribution, or angle integrated PES, is independent of polarization so

that nlcpðrÞ ¼ nrcpðrÞ � nðrÞ. A pBasex inversion can thus be performed for a

single r-dependent angular term. Compared to an image inversion of a single

image the benefit is twofold. First, for the data inversion and associated statistics,

two data sets are combined and then fitted with fewer free parameters providing

better performance. More importantly, this approach helps treat the conse-

quences of a less than perfect degree of circular polarization, js3j < 1. In most

circumstances, lcp and rcp settings are likely to provide the same actual degree of

circular polarization. If so, any contributions made by the s1; s2, and/or s4
components of the light source should cancel out on taking the differences; the

dichroism image will only be sensitive to the s3 components.

Extracting quantitative values for b
fþ1g
1 from Eq. (24) requires dividing the

fitted cosðyÞ angular coefficient by 2nðrÞ. This can be separately estimated by

adding the pair of 2D images, and further summing the combined image to

obtain an angle integrated pure radial distribution. This is inverted by fitting

purely radial forward Abel functions to yield an estimate n0ðrÞ, which operation

can be performed relatively noise free [36]. Now, however, n0ðrÞ may contain a

contribution from residual s1 and/or s4 components of the light source. A simple

correction procedure scales n0ðrÞ by the polarization rate factor s3=s0 to remove

the non-s3 contribution to the total electron yield. The corrected nðrÞ can then be
applied in Eq. (24) to obtain b

fþ1g
1 .
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The above determination of b
fþ1g
1 ðrÞ requires no knowledge of the b

f�1g
2 ðrÞ

parameter. This may, however, be extracted from a summed image that retains

the angular information of interest by an appropriate pBasex inversion fitting for

a P2 coefficient. This determination will not be adversely affected by any

residual s4 component of the light source. The P2 term’s dependence on a lcp,

rcp, and unpolarized light beams is identical: b
f�1g
2 ¼ b

funpolg
2 ¼ �1

2
b. Any

residual linear component is more problematic. First, the cylindrical symmetry

about the light beam propagation is broken by the linear polarization; strictly

this invalidates the assumptions and hence the application of Abel-based

inversion procedures. Even if this is circumvented an attempt to still fit the

experimental data with a Legendre polynomial around the propagation axis will

lead to erroneous estimates of the b
f�1g
2 coefficient, creating some uncertainty in

this coefficient when the light source is elliptically polarized.

C. Non-imaging PECD Measurement

A limitation of the photoelectron imaging technique in the SXR region appears

to be the presence in such circumstances of a background of very much higher

energy electrons (from the valence shell, Auger processes, . . .). Since there is no
energy filtering as such, a proportion of these electrons are also detected,

degrading the signal-to-noise ratio. Worse, these very fast electrons are only

partially focused onto the detector under focusing conditions that are optimized

to capture e.g., K-edge electrons having up to a few tens of electronvolts. Without

having captured the full 3D distribution of this background count in the 2D

image, the image inversion algorithms cannot properly recognize the background

contribution and so cannot be relied upon.

For this reason in the core ionization region explored by the author and co-

workers at the BESSY II synchrotron, we have relied upon a different approach,

recording the dichroism at a fixed observation angle using a dispersive

electrostatic analyzer that filters out electrons other than those in the energy

range of interest [55, 56]. The same approach using fixed angle detection with

one or more analyzers has been used by other groups in the VUV excitation

region [62, 65].

An observation of the dichroism at a fixed angle is capable of yielding the

chiral b
f1g
1 parameter via the asymmetry factor � defined in Eq. (10). A potential

difficulty for this approach is that extraction of b
f1g
1 from a normalized

asymmetry factor �ðyÞ requires a knowledge also of the second parameter

b
f�1g
2 � �1

2
b as can be seen in Eq. (10). To determine this requires

measurements to be made for at least one other detector angle. This requirement

can, however, be circumvented by choosing the magic angle, 54:7� to the light

propagation axis, for performing the single dichroism measurement; at this

angle the value of the second Legendre polynomial term is zero and so the exact

value of b
f�1g
2 becomes irrelevant.
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In comparison with the PECD imaging approach this method has some

disadvantages. Measurement at 54:7� reduces the observable asymmetry by a

factor cosð54:7�Þ ¼ 0:58. Unlike the imaging, which accepts a full 4p steradian

solid angle, the angular acceptance by the dispersive analyzer has to be severely

restricted to achieve angular resolution and only a single electron kinetic energy

monitored at a time. This all constitutes a large reduction in accepted count rate,

and hence sensitivity, although at BESSY the latter effect can be ameliorated

somewhat by the use of a hemispherical analyzer equipped with a multichannel

detector to provide some energy multiplexing. The bandwidth has proved

sufficient to monitor simultaneously a number of photoelectron peaks [55]. On

the plus side, the dispersive analyzer offers potentially greater energy

resolution, especially for higher mean energies, than the imaging achieves,

and has the better rejection of background electrons as noted.

Those fixed-angle measurements reported to date have all used either a

heated effusive inlet, or heated gas cell for sample admission [55, 56, 61, 62,

65]. Probably the higher sample number densities these sources generate,

compared to a supersonic beam source, provides some compensation for the

reduced collection efficiency in the fixed-angle measurement.

1. Data Acquisition and Treatment

A data taking methodology has been developed, optimized for the particular cha-

racteristics of the UE56/2 BESSY beamline [55]. As discussed in Section V.A.2,

the beamline provides rapid polarization switching allowing interleaved recording

of spectra with lcp and rcp. However, the source consists of two undulators in

sequence that follow different beam paths up to and including the final beamline

refocusing mirror. Despite careful alignment, the two delivered beams cannot be

guaranteed to be identical in intensity and final focus, and may thus contribute

some instrumental asymmetry. To overcome this four data sets A–D are recorded

one after the other. Each data set consists of a pair of spectra for opposite helicities

that are designated

fauþ; ad�g; fbu�; bdþg; fcu�; cdþg; fduþ; dd�g ð25Þ

where auþ denotes a binned spectrum recorded on the upstream undulator set to

positive helicity, ad� that recorded simultaneously on the downstream undulator

set to negative helicity, and so on.

The first and last data sets, A and D, are thus recorded using an opposite

undulator configuration (uþ; d�) to the second and third, B;C (u�; dþ). While

this sequence is recorded the stored beam current will decay, and with it the

light intensity, but this sequencing is intended to balance out the data acquisition

time spent in either undulator configuration. At the end, equal counts are

obtained in each data set, and for each undulator configuration.
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The data are then combined in various ways [55]. First, to aid identifying

possible instrumental contributions to the measured asymmetry two spectra are

formed, each combining measurements with both helicities, but on a given

undulator. Differences between these two combination spectra can then be

attributed to undulator characteristics rather than any dichroism. In this manner,

a small energy discrepancy (� 20 meV) was detected, affecting photolines, but

not Auger lines. It was inferred that this suggested small shifts in photon energy,

perhaps due to small angular differences in the two optical beam paths at the

monochromator [55]. The energy scale calibration of spectra on the two

undulators was subsequently corrected before any further use.

An alternative combination pair of spectra is then formed, taking the

geometric mean of two undulator spectra of positive helicity, and of the two

recorded with negative helicity. These two spectra of given light helicity each

contain corresponding corrected contributions from both undulator sources, and

it can be shown [55] that the instrumental asymmetries are effectively canceled

by this procedure.

VI. PECD EXPERIMENTAL CASE STUDIES

The list of molecules whose PECD has been experimentally studied is quickly

expanding, and in the VUV valence shell region now includes the prototypical

chiral species camphor [36, 64, 65], bromocamphor [65, 80], fenchone and

carvone [38], methyl oxirane [62, 63], glycidol [37, 38], and 3-hydroxytetrahy-

drofuran [61]. Studies of camphor [56], fenchone [38], and carvone [55] have all

been extended to cover the SXR C 1s core region.

Passing reference has been made to some of these experiments, and some of

their results briefly presented, in preceding sections. What follows here is a

personal selection of case studies presented in greater detail. These are chosen

to highlight various additional aspects of current investigation of the PECD

phenomenon.

A. Fenchone

Figure 14 shows a carbon 1s core region of the X-ray photoelectron spectrum

(XPS) of the fenchone molecule. The structure of fenchone is indicated as an

inset in Fig. 14 and can be seen to be a bicylic ring structure, very similar to

camphor. Fenchone has two stereogenic centers, or asymmetric carbons, where

the rings fuse, but is not a true diasteroisomer as the rigid structure constrains one

center to always receive the opposite designation of the other as defined by the

Cahn–Ingold–Prelog sequence rules [105]. The assignment, guided by a

�EKSðPW86� PW91Þ þ Crel/TZP//MP2/6-31G(d,p) [75–78] calculation of the

core-binding energies for this molecule, is very straightforward; the C����O
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carbonyl 1s CEBE shows a significant shift and produces a well-resolved peak

corresponding to this single orbital at a BE of 292.7 eV. All the other C 1s

orbitals have very similar CEBEs and so all contribute to the single main peak in

the spectrum without being individually resolved.

The well-resolved C����O 1s peak in the fenchone XPS provides an excellent

opportunity to examine PECD from a single, well-characterized initial orbital.

As has been previously mentioned, it might be thought that such a localized,

spherically symmetric initial orbital would not be sensitive to the molecular

enantiomer’s handedness, but as can be seen in Fig. 15 (a) the dichroism in the

electron yield recorded at the magic angle is sufficiently large to be easily

visible by eye as a difference in the intensity of the lcp and rcp spectra.

The second row in Fig. 15 shows examples at the three selected photon

energies of the C����O 1s difference spectra obtained for both enantiomers. After

normalization by the mean spectrum the asymmetry factor �ð54:7�Þ is plotted
along the bottom row. After correction for the cosð54:7�Þ term arising from the

specific experimental geometry the net forward–backward asymmetry, g, can be

estimated to reach a peak � 15% in the hn ¼ 298:7– eV photoionization.

In accordance with the predictions that can be made on the basis of just the

electric dipole approximation (see Section III.A) the observed dichroism is

equal, but of opposite sign for the two enantiomers. This could be seen also in

the valence shell ionization results for glycidol presented in Fig. 2. The added

significance here is that a contribution to the angular distribution by higher order

Figure 14. The C 1s core region XPS of fenchone recorded with a photon energy

hn ¼ 308:5 eV. Included in the figure are bars indicating calculated �EKSðPW86� PW91Þ þ Crel

core-binding energies. Data taken from Ref. [38]. The inset shows the structure of the (1S,4R)-

enantiomer.
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interaction terms cannot be automatically discounted at these photon energies

[106–108].

1. Non-dipole interactions

Without needing quantitative calculations of terms of higher order than the

electric dipole interaction it is possible to make some useful deductions about

their likely signature in an angular distribution by considering just the symmetry

properties of the angular coefficients that such interactions would provide.

Ritchie has provided formulae, analogous to Eq. (A.15), for both the E1–E2 and

E1–M1 electric dipole–magnetic dipole and electric dipole–electric quadrupole

second-order interaction interference terms [109]. Somewhat similarly to the

argument followed in Section III.A, symmetry properties of the angular

coefficients under photon helicity and molecular enantiomer exchange may be

deduced. These are summarized in Table II.
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Figure 15. Circular dichroism of the C����O C 1s peak (BE ¼ 292:7 eV) in fenchone at three

different photon energies, indicated. (a) Photoelectron spectrum of the carbonyl peak of the (1S,4R)

enantiomer, recorded with right (solid line) and left (broken line) circularly polarized radiation at the

magic angle, 54:7� to the beam direction. (b) The circular dichroism signal for fenchone for (1R,4S)-

fenchone (�) and the (1S,4R)-fenchone (þ) plotted as the raw difference Ilcp � Ircp of the 54:7�

spectra, for example, as in the row above. (c) The asymmetry factor, �, obtained by normalizing the

raw difference. In the lower rows, error bars are included, but are often comparable to size of plotting

symbol: (1R,4S)-fenchone (�), (1S,4R)-fenchone (þ). Data are taken from Ref. [38].
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In the present context, where data are recorded at the magic angle, any result

will be insensitive to the P2 coefficient, so this need not be further discussed.

Turning then to the other Legendre polynomial terms it is seen that the E1�M1

P1 coefficient is symmetric with respect to a polarization switch and so would

cancel from the experimental dichroism (difference) signal. Discussion of the

E1�E2 interaction is rather more complicated due to the presence of first and

second rank tensor components in the P1 coefficient; these display alternate

polarization symmetry, but this coefficient is clearly symmetric with respect to

enantiomer exchange, as is the polarization antisymmetric P3 coefficient. In

either case, the contribution that persists in the PECD spectra would not vary

with the enantiomer used, so the close mirroring seen between the PECD

spectra of the two enantiomers would be broken. In the absence of any

significant suggestion of that happening in the fenchone C����O 1s data it seems

reasonable to infer that E1�E2 terms are negligible.

It remains to consider the P0 coefficients. For both the E1�M1 interaction and

the E1�E2 interaction, this coefficient changes sign with a polarization or

enantiomer switch; this is in fact the contribution that gives rise to CD in (non-

angle resolved) absorption measurements. It is known that these terms are

normally orders of magnitude smaller than the PECD dichroism discussed here,

but it is also true that PECD measurements made at just one fixed angle would

be incapable of distinguishing variations in the total cross-section from simple

angular variations. It nevertheless seems safe to dismiss there being any

significant E1�M1 terms since magnetic dipole transitions from the 1s shell are

formally forbidden by selection rules. A significant E1�E2 contribution to the

overall cross-section also seems unlikely when the two enantiomer curves

closely mirror each other and provide no suggestion of a significant E1�E2
contribution to the P1 coefficient.

The precision of the data is not such as to allow non-dipole interactions to be

definitively ruled out, and more detailed study of this topic by careful

measurement of the full angular distribution, as opposed to detection at a single

angle, will be required to provide a complete probe. In the meantime a clear

observation that enantiomer PECD curves have a mirror-image relationship

TABLE II

Symmetry Properties of Legendre Polynomial Coefficients in the Photoelectron Angular Distribution

Interaction P0 P1 P2 P3

E1�E1 þpþ E �p� E þpþ E

E1�M1 �p� E þpþ E �p� E

E1�E2 �p� E �pþ E �p� E �pþ E

aThe �p indicates symmetry–antisymmetry of the Legendre coefficient with respect to a light

polarization switch, �E indicates the response to an enantiomer switch.
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seems sufficient to strongly suggest the dominance of the electric dipole

approximations, and any success modeling experimental data with calculations

built firmly from pure electric dipole interaction terms must surely confirm that.

B. Camphor

Camphor has served as a prototypical molecule for CD studies for a number of

years. It has maintained that role in more recent investigations of photoelectron

CD, where it has also quickly become the most studied system with papers

describing PECD in the valence shell [36, 64, 65], the C 1s core region [56] and

combined computational studies of both [57].

1. Core C 1s

The camphor XPS is extremely similar to that of fenchone, with the C����O 1s

being well resolved by being shifted a few electronvolts from the heavily

overlapping main peak comprising all the other C 1s ionizations. Once again,

this provides an opportunity to examine PECD in the ionization of a single,

highly characterized 1s orbital. Figure 16 shows experimental C����O 1s�1 data

that have been obtained for the (R)- and (S)-enantiomers of camphor [56].

Figure 16. Carbonyl C 1s PECD from enantiomers of camphor. The experimentally derived

b
f1g
1 data (Ref. [56]) for the (S)-enantiomer have been negated prior to plotting on expectation that

they will then fall on the same trend line as the (R)-enantiomer data. The CMS-Xa and B-spline

calculations (Ref. [57]) for the (R)-camphor enantiomer are included for comparison. The inset

shows the (R)-camphor structure.
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In this instance, the (S)-enantiomer data have been negated prior to plotting.

From previous discussion of the antisymmetry of the b
f�1g
1 parameters under

enantiomer exchange (e.g., Section III.A) it is recognized that it is then to be

expected that the (R)- and (S)-enantiomer data should fall on the same

experimental trend line. That they do indeed do so shows, as was argued in the

Section IV.A for fenchone, that the behavior is at least qualitatively in accord

with a pure electric dipole model. Furthermore, combining two distinct data sets

[(R)- and (S)-enantiomers] in this manner provides a consistency check on the

reproducibility of the PECD data. It seems good practice to include measurement

of both enantiomers, where this is feasible, in an experimental study.

Rather than plotting the dichroism in the form of the asymmetry factor

�ð54:7�Þ, Eq. (10), this has been trivially reduced further to generate an estimate

of b
fþ1g
1 for plotting in Fig. 16. This facilitates a direct comparison in the figure

with PECD calculations performed for the (R)-camphor enantiomer. Two such

calculations are included: a CMS-Xa calculation and a B-spline calculation

[57]. A strong degree of agreement can be seen between the calculations, and

between either calculation and experiment. Hence, not only is the experimental

dichroism in qualitative agreement with a pure electric dipole model, as

exemplified by the exact antisymmetry exhibited by the two enantiomers, it is

also in very convincing quantitative agreement with calculations conducted in

this level of approximation.

The experimental dichroism is seen to have its greatest magnitude some 5 eV

above threshold, where b
fþ1g
1 � 0:10. This corresponds to an asymmetry factor

in the forward–backward scattering of g � 20%. Such a pronounced PECD

asymmetry from a randomly oriented sample looks to comprehensively better

the ‘‘amazingly high’’ 10% chiral asymmetry recorded with highly ordered

nanocrystals of tyrosine enantiomer [25] or the ‘‘spectacular’’ 12:5%
asymmetry reported from an oriented single crystal of a cobalt complex [28].

Unfortunately, experimental difficulties precluded measurements closer to

threshold, and the B-spline calculation also does not properly span this near

threshold region down to the onset [57]. However, the general trend rising above

5 eV is for the dichroism to become attenuated, easily rationalized as the ejected

photoelectron displaying less sensitivity to the chiral molecular potential as it

acquires more energy.

2. Valence Shell Ionization

The valence shell PES of camphor has a well-resolved band corresponding to the

HOMO—nominally a carbonyl oxygen lone-pair orbital—and the next highest

lying orbital can be distinguished as a shoulder on the second PES band [110]. It

has already been seen (Fig. 1) that a PECD measurement at hn ¼ 10:3 eV clearly

distinguishes these two orbital ionizations. At higher photon energies, more

orbital ionizations become energetically accessible, but while the PECD
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continues to show some variations that correlate with features in the PES (Ref.

[36], Fig. 3]) an assignment indicates there is considerable overlap of individual

orbital ionizations in the PES that precludes a detailed orbital by orbital analysis

of the more strongly bound electrons.

Figure 17 shows the PECD, in the form of deduced b
fþ1g
1 parameters, for the

HOMO ionization of (R)- and (S)-enantiomers of camphor as a function of

photon energy in the range from threshold to 26 eV. In addition to data recorded

with the photoelectron imaging technique [36], this figure includes two data

points obtained earlier with a somewhat different imaging arrangement [64] and

a more substantial set of data for the 13–24-eV range obtained by an experiment

using fixed direction detection at the magic angle [65]. These latter

measurements were in fact made without the benefit of a polarization switching

insertion device, but instead relied on using the out-of-plane synchrotron

emission from a bending magnet beamline at BESSY I (Berlin). In this case, the

authors found that observing the dichroism by switching enantiomers was more

convenient than repeatedly switching polarization.

Implicitly, their data treatment assumes that the photoemission dissymmetry

simply reverses direction with the enantiomer switch, equivalently to its

Figure 17. Camphor PECD from the HOMO (carbonyl oxygen lone-pair) ionization.

Experimental data are: � (S)-camphor, & (R)-camphor (both from Ref. [36]); } (R)- and (S)-

enantiomer data from Ref. [64]; * data from Ref [65]. Also shown as curves are CMS-Xa
calculations (Ref. [36]) and B-spline calculations (Ref. [57]).
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switching with polarization switch, as predicted in the electric dipole

approximation. It can be seen from the enantiomer specific data plotted in

Fig. 17 that the (R)- and (S)-enantiomer data do mirror each other, as previously

seen and discussed. With this assumption secure, examination shows that the

data reported from the BESSY I experiment is, after correction for the 54:7�

detection direction, equivalent to the (R)-enantiomer b
fþ1g
1 value, and has been

plotted as such in the figure.

Overall, there is excellent agreement between the three different experi-

ments, and between the enantiomer specific measurements made at the LURE

and Elettra synchrotrons. The PECD reaches its maximum magnitude

jbfþ1g
1 j � 0:9 (equivalently g � 18%) at an electron kinetic energy of

� 11 eV. This is directly comparable with the very pronounced asymmetry in

the C 1s ionization (Section VI.B.1), but it is perhaps a little unintuitive to see

that it occurs not at the start of a trend, gently declining with increasing energy,

but rather as a secondary maximum located significantly above threshold. On

the other hand, it may be remarked that the C����O 1s data (Fig. 16) also pass

through a second maximum in magnitude (albeit reversed sign) some 20 eV

above the ionization threshold. Hence, it seems that even photoelectrons

departing with some tens of electronvolts kinetic energy retain a strong

sensitivity to the chiral molecular potential.

Figure 18 presents in a similar fashion, data for the HOMO-1 ionization.

Again there is excellent agreement between the (R)- and (S)-enantiomer data

[36] and between these and the equivalent BESSY I data [65]. The magnitude of

the asymmetry is not so great for this second orbital, which runs along the

C��C��C bridge linking the two stereogenic centers. A visual comparison of

these two outer-valence orbitals is provided in Fig. 19. It might, perhaps, be

thought that the HOMO-1 orbital with its density surrounding both asymmetric

carbons in this molecule would produce a more pronounced PECD than the

HOMO, and certainly more than the spherically localized C����O 1s initial

orbital. That it does not, reinforces the inference that final state scattering must

be of great importance in transferring a sense of the molecular chirality to the

outgoing electron angular distribution.

Also included in both Figs. 17 and 18 are the results of two calculations,

performed with the CMS-Xa and B-spline methods. As discussed elsewhere

these are in reasonable agreement, though less exactly so than for the C 1s

ionization. [36, 57] Key characteristics, such as the magnitude and sign of the

dichroism, are clearly captured. The CMS-Xa calculation provides close

agreement with experiment for the HOMO in the threshold region. B-Spline

results are not available close to the threshold region because the over-attractive

LB94 potential used in these calculations causes calculated threshold behavior

to fall into the discrete region of the spectrum [57]. Improved potentials should

alleviate this problem in the future [79]. Both calculations reproduce the second
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maximum at �11 eV in the HOMO PECD, though both underestimate the width

of this feature. It has been suggested that this structure may correlate with a

shape resonance in camphor [57], but there is no real hint of such a continuum

feature in either the core or the HOMO-1 PECD data. Let us also recall a

Figure 19. Camphor outer-valence orbitals generated from a HF/cc-pVDZ calculation. The

(R)- enantiomer is oriented with its carbonyl group toward bottom left in the figure. The two

stereogenic centers (asymmetric carbons) in the molecule are indicated by arrows.

Figure 18 Camphor PECD from the HOMO-1 ionization. Experimental data are: � (S)-

camphor, & (R)-camphor (both from Ref. [36]); * data from Ref [65]. Also shown as curves are

CMS-Xa calculations (Ref. [36]) and B-spline calculations (Ref. [57]).
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deduction that b
f1g
1 parameters may not be overtly sensitive to such continuum

features [53, 60], as discussed in Section IV.D. Further work is required to

clarify these points.

VII. CONCLUSIONS

The experimental work described in this chapter clearly demonstrates that chiral

asymmetries in the forward–backward distribution of photoelectrons emitted

from randomly oriented enantiomers when ionized with circularly polarized light

can be spectacularly large (to borrow and apply a superlative from previous

accounts of an unprecedented chiral asymmetry)—on the order of 20%. The

theory discussed here, as implemented in two computational methods, is fully

capable of predicting this and being applied to develop an understanding of a

phenomenon that at times displays some counterintuitive properties. Doing so is

very much an ongoing quest.

Summarizing the experimental data presented here, and the wider body of

results now available, one can first identify the most general trend is for the

photoelectron forward–backward asymmetry to show a reduction in the

asymmetry factor as the energy increases, rationalized as a diminishing

sensitivity of faster ejected electrons to the molecular scattering potential. There

is also ample evidence for there being a strong dependence of detail on any

measured PECD on the ionized orbital. In some cases, running across a

photoelectron spectrum reveals structure in the PECD that is not readily evident

in the total cross-section. A strong correlation of chiral effect with initial orbital

can thus perhaps resolve otherwise hidden detail in the spectrum—rather like

gas-phase magnetic CD measurements were able to resolve individual states

contributing to the broad A-band continuum in methyl halides [111, 112].

The detail of the dependence on initial orbital is not, however, always what

one might naiively expect. In studies of methyl oxirane [62], a correlation was

noted between the extent of the initial orbital’s chirality and the energy range

over which PECD effects were measurable. It seems reasonable to infer that

when the electron carries a greater sense of its environment’s handedness into

the photoionization process, then recognition of the molecular chirality will be

more persistent in the final outcome. In seeming contradiction to this thought, in

the camphor data considered here (Section IV.A.2) the orbital that has density

surrounding both the chiral centers of the molecule produces the weakest PECD

across the energy range. Stronger dichroism is observed from the more localized

outermost valence orbital, and from the fully localized, spherical (therefore

achiral) C����O 1s orbital [36]. This latter observation, and others similar, leads to

the inference of a dominant role for final-state scattering of the photoelectron

off the chiral molecular potential in producing the chiral asymmetry observed in

core level ionization.
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The two computational methods outlined perform similarly and provide an

excellent model for the camphor C 1s PECD. The description of valence

ionization is more challenging for theory and greater discrepancies between

theories and experiment emerge. Understanding and then improving on such

differences provides a route forward, and so there is value in performing

comparative studies, as has been done for camphor [57]. It has been

speculated that differences between the performance in core and valence shell

modeling may be due to a common neglect of electron response effects.

Differences between the two computational methods in their description of the

camphor valence shell could be attributed to the rather arbitrary spherical

partitioning of the Xa potential about atomic centers, as this would seem

better adapted to description of a spherical 1s initial orbital than to a more

delocalized valence orbital. Against that, if the final-state scattering,

delocalized over the entire molecule, continues to play a major role in

valence ionization, then that aspect of the problem should be neither better nor

worse described in the CMS-Xa core and valence region PECD models, and

evidently works well in the former.

Clearly, there is considerable scope for further investigation of the orbital

dependence, particularly in the valence shell, and interesting questions to pursue

regarding the significance of localized versus delocalized, chiral versus achiral

initial orbitals. Accompanying these themes there is scope for refinements in

computations and in experimental technique—in particular in areas, such as

detector technology, molecular beam sample sources, and the introduction of

rapid polarization switching sources. As technical capabilities develop, resolution

and sensitivity improve, so too will the questions that can be addressed advance.

All this should lead toward greater precision in the data and its modeling.

At a fundamental level, it has been shown that PECD stems from interference

between electric dipole operator matrix elements of adjacent continuum ‘
values, and that consequently the chiral b

f1g
1 parameters depend on the sine

rather than the cosine of the relative scattering phases. Generally, this provides a

unique probe of the photoionization dynamics in chiral species. More than that,

this sine dependence invests the b
f1g
1 parameter with a greatly enhanced

response to small changes in scattering phase, and it is believed that this

accounts for an extraordinary sensitivity to small conformational changes, or

indeed to molecular substitutions, that have only a minimal impact on the other

photoionization parameters.

Such conformational dependence presents challenges and an opportunity. The

challenges lie in properly accounting for its consequences. In many cases, exact

conformational energetics and populations in a sample may be unknown, and the

nature of the sample inlet may sometimes also mean that a Boltzmann distribution

cannot be assumed. Introducing this uncertainty into the data modeling process

produces some corresponding uncertainty in the theoretical interpretation of data
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at the present time. It is current practice for photoionization dynamics to be

computed for fixed nuclear geometries, and this pronounced sensitivity to small

structural changes suggests that large amplitude vibrations may need to be more

explicitly incorporated in the modeling. The opportunity that arises is really just

the converse; once there is confidence in the basic theoretical description of the

process it is possible to deduce conformational details of an experimental sample

from some kind of fitting process. Already, this has been convincingly

demonstrated for 3-hydroxytetrahydrofuran [61] and other such demonstrations

are expected shortly to be published. Whether or not the PECD is strongly

affected by continuum dynamics, such as Cooper minima and resonances,

remains an open question for further investigation.

What might be the wider implications of this newly investigated phenomenon

in the broad context set out in the Introduction to this chapter? All the evidence

now suggests that exceptional chiral asymmetries, of the order of 10%, may be

quite routinely detected in PECD measurements. Already, it is clear that

calculations of the phenomenon are sufficiently reliable to allow the absolute

configuration of an unknown sample to be deduced by comparison of theory and

experiment or perhaps to allow the estimation of enantiomeric excess. In a broader

context, a PECD trace may help deconvolute an underlying structure from an

otherwise congested ionization spectrum; the potential for this at the electronic

state level has been demonstrated, and might even extend to reveal vibrational

details. The possibilities for probing conformational, as well as electronic

structure, have already been alluded to. Altogether, this suggests that PECD may

be developed into a useful adjunct for gas-phase biomolecular spectroscopy—the

more so since the instrumental source conditions required for photoelectron

spectroscopy and PECD measurement also directly lend themselves to the

accompanying performance of some form of mass spectrometry.

A persistent line of thought concerning possible explanations for the

homochirality of terrestrial life has been the postulate that prebiotic molecular

building blocks have probably been first formed in the interstellar medium and

later transported to earth. Included among the suggestions for asymmetric

processes that might give rise to the symmetry breaking exhibited as homo-

chirality, opportunities for photochemical interactions with partially circularly

polarized radiation in the interstellar medium have received some pro-

minence [8, 113–115]. Given the quite remarkable asymmetries that have

now been revealed, the PECD effect suggests itself as a candidate to be

evaluated as a possibly significant asymmetric photophysical process. Acco-

mpanying the asymmetry in the recoil angular distribution of photoelectrons

from target molecules in a CPL radiation field momentum conservation will

require there be a corresponding asymmetry in the recoil angular distribution of

the associated ions [80]. This might be dismissed first on the grounds that the

large mass ratio between molecular ion and electron would render the ion recoil

negligible, but recent laboratory studies have underlined that such photoion

recoil asymmetries are clearly observable [116, 117]. The asymmetric drift of
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enantiomer ions generated from racemic precursor mixtures could hence

contribute to some spatial differentiation of enantiomers. The results obtained

so far indicate that at the astrophysically important Lyman-a photon energy,

within a few electronvolts of the valence ionization threshold for many organic

species, PECD asymmetries can be intense. But significant asymmetries have

also been revealed several tens of electronvolts above thresholds, where the

recoil momentum would also be greater.

APPENDIX A: THE PHOTOIONIZATION DIFFERENTIAL

CROSS-SECTION

We consider the expression of the lab frame photoelectron angular distribution

for a randomly oriented molecular sample. The frozen core, electric dipole

approximation for the differential cross-section for electron emission into a solid

angle about a direction k̂ can be written as

dsðoÞ
dk̂

¼ aa20ok
4p

jh�ð�Þ
~k

ð~rÞjê �~rjciij
2 ðA:1Þ

¼ aa20k
po

jh�ð�Þ
~k

ð~rÞjê � rjciij
2 ðA:2Þ

in, respectively, the dipole operator length and velocity forms, with a the fine-

structure constant, a0 the Bohr radius, �
ð�Þ
~k

ð~rÞ the electron continuum function

(momentum~k), and ci the initial, bound orbital. The photon energy is o and its

polarization ê.

Following normal practice, it is convenient to replace the continuum function

�
ð�Þ
~k

in Eq. (A.1) or (A.2) with an incoming wave normalized partial wave

expansion [39, 40, 118]:

�
ð�Þ
~k

ð~rÞ ¼
X
lm

ile�islY�
lmðk̂Þcð�Þ

lm ð~rÞ ðA:3Þ

where sl ¼ arg�ðlþ 1� i=kÞ is the Coulomb phase, and the partial wave basis

functions, cð�Þ
lm , have a defined asymptotic angular momentum l;m. The bra–ket

in Eq. (A.1) or (A.2) may then be expanded in matrix elements of the form:

M
fng
lm ¼ ð�iÞle�isl e1n f

ð�Þ
lmn Y

�
lmðk̂0Þ ðA:4Þ

where e1n is a spherical tensor (vector) component of the photon electric vector

and the f
ð�Þ
lmn are the radial transition amplitudes for ci ! cð�Þ

lm .

The electron and photon angular momentum projections, m; n, and the recoil

direction, k̂0, appearing in Eq. (A.3) are defined in the molecular frame, but our
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objective here is to obtain an expression for the lab frame distribution and its

polarization dependence. Consequently, the relevant quantities are to be

transformed to the lab frame by a rotation R expressed using rotation matri-

ces Dj
mnðRÞ, namely Y�

lmðk̂0Þ ¼ �m½Dl
mmðRÞYlmðk̂Þ�� and e1p ¼ �nD

1
pnðRÞe1n. The

transformed matrix element, M
fpg
lm , for a specific lab-frame polarization, p, and

electron detection direction, k̂ is thus written

M
fpg
lm ¼

X
nm

ð�iÞle�islD1
pnðRÞe1n f ð�Þ

lmn ½Dl
mmðRÞYlmðk̂Þ�� ðA:5Þ

so that, with appropriate normalization, Eqs. (A.1) or (A.2) can be written

dsðo; p;RÞ
dk̂

�
X
lm

M
fpg
lm

�����
�����
2

ðA:6Þ

¼
X
lmnm

l0m0n0m0

ð�iÞl�l0
eiðsl�sl0 Þ

� ½D1
pn0 ðRÞe1n0 f ð�Þ

l0m0n0 ��Dl
m0m0 ðRÞYl0m0 ðk̂Þ

� D1
pnðRÞe1n f ð�Þ

lmn ½Dl
mmðRÞYlmðk̂Þ��: ðA:7Þ

Now the pairs of rotation matrix products in Eq. (A.7) can be replaced with

Clebsch–Gordan series

½D1
pn0 ðRÞ��D1

pnðRÞ ¼ ð�1Þp�n0
D1

�p�n0 ðRÞD1
pnðRÞ

¼
X
j

h1� p; 1pjj0ih1� n0; 1njjn� n0i

� D
j
0n�n0 ðRÞð�1Þp�n0 ðA:8Þ

and similarly

Dl0
m0m0 ðRÞ½Dl

mmðRÞ�� ¼
X
k

hl0m0; l� mjkm0 � mihl0m0; l� mjkm0 � mi

� Dk
m0�mm0�mðRÞð�1Þm�m ðA:9Þ

The four rotation matrices of Eq. (A.7) thus reduce to a product of two having the

same argument, R. The orthonormality of these causes a further simplification
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when an integration over all lab frame orientations, R, is performed to

accommodate random molecular orientation:

Z
D

j
0n�n0 ðRÞDk

m0�mm0�mðRÞdR ¼ ð�1Þn0�n 8p2

ð2jþ 1Þ djkd0;m0�mdn0�n;m0�m ðA:10Þ

Hence, for a randomly oriented sample Eq. (A.7) becomes

dsðo; pÞ
dk̂

¼ 8p2
X
lmnm

l0m0n0j

ð�iÞl�l0
eiðsl�sl0 Þð�1Þp�m�nð�1Þm 1

ð2jþ 1Þ

� h1� p; 1pjj0ih1� n0; 1njjn� n0ihl0m; l� mjj0i
� hl0m0; l� mjjm0 � mi

� ½e1n0 f ð�Þ
l0m0n0 ��e1n f

ð�Þ
lmn Yl0mðk̂ÞY�

lmðk̂Þdn0�n;m0�m ðA:11Þ

The sum on m can be eliminated by examining the m-containing subexpression

� �
X
m

ð�1Þmhl0m; l� mjj0iYl0mðk̂ÞY�
lmðk̂Þ ðA:12Þ

By reexpressing the spherical harmonics in the form of D rotation matrices they

may be effectively substituted by a Clebsch–Gordan series yielding

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2l0 þ 1Þð2lþ 1Þp

4p

X
mk

ð�1Þl0þlþkhl0 � m; lmjj0i

� hl0 � mlmjk0ihl00; l0jk0iDk
00ðk̂Þ ðA:13Þ

M-sum unitarity of the first two Clebsch–Gordan coefficients now means that the

sum over m reduces to a simple delta function:

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2l0 þ 1Þð2lþ 1Þp

4p
ð�1Þl0þlþj

X
k

hl00; l0jk0iDk
00ðk̂Þdjk

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2l0 þ 1Þð2lþ 1Þp

4p
ð�1Þl0þlþjhl00; l0jj0iPjðcos yÞ ðA:14Þ
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Substituting this � subexpression back into Eq. (A.11) finally yields

dsðo; pÞ
dk̂

¼ 2p
X
j

X
lmn

l0m0n0

ð�iÞl�l0
eiðsl�sl0 Þð�1Þp�m�n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2l0 þ 1Þð2lþ 1Þp
ð2jþ 1Þ

� h1� p; 1pjj0ih1� n0; 1njjn� n0i
� hl00; l0jj0ihl0 � m0; lmjjm� m0i

�
h
e1n0 f

ð�Þ
l0m0n0

i�
e1n f

ð�Þ
lmn dn0�n;m0�mPjðcos yÞ ðA:15Þ

APPENDIX B: PECD CONVENTIONS

Because the sense, or sign, of chiral asymmetry in the forward–backward

electron scattering asymmetry depends on the helicity of the photon and of the

molecule, it is essential that these variables are properly specified in any study to

permit meaningful comparisons to be made. Discussing and comparing

quantitative asymmetry factors, g [Eq. (8)] and dichroism [Eq. (9)] likewise

requires agreement on the convention adopted in the definition of these terms.

� Molecular enantiomers. The absolute configuration at the stereogenic

center of an enantiomer is easily specified (where known) using the labels

(R)- and (S)- derived according to the Cahn–Ingold–Prelog sequence rules

[105] taught in all undergraduate organic chemistry classes. The labels

(þ),(�) are also widely used to indicate the direction of optical rotation

by a chiral sample, but this is phenomenological designation that does not

provide an absolute configuration. Both (R)- and (S)- are therefore more

meaningful when comparing theory with theory or with experiment.

� Light polarization. The polarization state of the ionizing radiation appears

in the theoretical expressions [e.g., Eq. (12)] as the photon helicity,

p, describing the spin projection of the photon along its propagation

direction; p ¼ þ1 is thus the right-handed helicity index. Unfortunately,

the optical convention describes the handedness of the radiation by the

observed direction of rotation of the electric vector with time viewed

looking toward the source of the light. A clockwise direction, labeled right

circularly polarized (rcp) light then corresponds to a negative (or left-

handed) helicity. The potential confusion has been compounded by

inconsistencies in the application of the optical convention in the

literature. The Stokes parameters provide an alternative characterization
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of the polarization, with s3 describing the circular polarization

component. For clarity we specify

rcp ðoptical conventionÞ � ðs3 ¼ þ1Þ � ðp ¼ �1Þ
lcp ðoptical conventionÞ � ðs3 ¼ �1Þ � ðp ¼ þ1Þ

� Circular dichroism convention. In this chapter, dichroism and asymmetry

factors are defined as Ilcp � Ircp or Ip¼þ1 � Ip¼�1, which the author

believes to be the more common, though not universal, choice.

There have sometimes been practical difficulties deducing absolute handed-

ness of the circular polarization produced using multi-order quarter waveplates

where the exact order or retardation is not known. In the VUVand SXR regions,

such devices are anyway not available, but the use of insertion devices (IDs) in

synchrotron storage rings to produce CPL rather simplifies things. It is relatively

straightforward to deduce the sense of the corkscrew motion induced in the

electron beam by the magnetic array of the ID, and hence to assign the absolute

sense of the resulting circularly polarized synchrotron radiation.
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I. INTRODUCTION

The potential energy surface (PES) determines the course of a chemical reaction,

and characterizing PESs for reactions has been a central focus of chemical

dynamics [1]. Reaction studies, especially detailed measurements of reaction

cross-sections as a function of collision energy or the reactivity of state selected

reactants to produce products whose quantum states are measured, provide a

great deal of indirect information on the PES for a reaction. However, even

relatively simple reactions may involve several intermediates, connected by

multiple transition states, and a particular experiment will only be sensitive to

some features of the PES. Spectroscopic studies complement bimolecular

experiments as they provide a direct probe of a region of the PES. Spectroscopy

of reactive PESs presents particular challenges, as the stationary points on the

surface correspond to intermediates (local minima) that are often short lived

and to transition states (local maxima) that are inherently transient. Our studies

of the PES of transition metal ion-molecule reactions are part of a tradition of

transition state spectroscopy, which has primarily been used to study reactions of

neutrals. Early studies by Brooks, Stwalley, and co-workers looked at far wing

absorption by reacting complexes during the course of a harpoon reaction [2–4].

These experiments are extremely challenging, and interpreting the results is

complicated by the averaging over impact parameter and orientation inherent in

bimolecular reactions. Photoinitiating a reaction from a precursor with a similar

geometry to the region of the PES of interest provides a powerful alternative.

One advantage is that photoexcitation provides a start time to the reaction, which

makes possible time-resolved studies, such as those of Zewail and co-workers

[5,6]. A second advantage is that the energy, orientation, and angular momen-

tum (impact parameter) are constrained, and energy-resolved studies can give

well-resolved spectra rich in information, although one is limited to studying

regions of the PES with good Franck–Condon overlap with the initial complex.

In work on neutral metal atom reactions, Polanyi and co-workers [7] and Soep,

Visticot, and co-workers [8,9] photoexcite van der Waals clusters, such as Ca

(XH), where X is a halide to study the Ca*þXH ! CaXþH harpoon reaction.

Kleiber and co-workers have studied photodissociation of complexes of alkaline

earth cations, Alþ and Znþ with hydrogen, hydrocarbons, and simple organic

molecules, observing several examples where photoexcitation leads to H��H,
C��H, or C��C bond activation [10–13]. Photodetachment of a stable negative

ion can give information on the corresponding neutral, which may be an

intermediate or transition state of a neutral reaction. Brauman and co-workers

measured photodetachment cross-sections of hydrogen-bound negative ions

to study the transition state of hydrogen-transfer reactions [14]. Photo-

electron spectroscopy gives more detailed information. Lineberger and co-

workers studied isomerization of vinylidene to acetylene from photoelectron
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spectroscopy of CCH2
� [15], and photoelectron spectroscopy of a strongly

bound negative ions, such as XHY�, where X and Y are halogen atoms, allows

Neumark and co-workers to study the XþHY ! XHþY hydrogen-exchange

reaction [16, 17].

Spectroscopy of the PES for reactions of transition metal (Mþ) and metal

oxide cations (MOþ) is particularly interesting due to their rich and complex

chemistry. Transition metal Mþ can activate C��H bonds in hydrocarbons,

including methane, and activate C��C bonds in alkanes [18–20]; MOþ are

excellent (and often selective) oxidants, capable of converting methane

to methanol [21] and benzene to phenol [22–24]. Transition metal cations

tend to be more reactive than the neutrals for two general reasons. First, most

neutral transition metal atoms have a dx�2 s2 ground electronic state, and this

configuration tends to be nonreactive. This is especially true for the 3d metals,

where the 4s orbital is significantly larger than the 3d, so an approaching

molecule sees the filled, repulsive 4s orbital. The reactivity of neutral M with

hydrocarbons is correlated to the promotion energy required to form a state with

a dx�1 s1 configuration and the appropriate spin [19]. The ground state of the Mþ

cations is dx s0 or dx�1 s1 (and the other configuration often lies at low energy),

so this promotion energy is usually low. The second reason for the enhanced

reactivity of the ions is the strength of the ion-induced dipole and ion–dipole

interaction. This causes the initial Mþ–reactant interaction to be attractive,

leading to a strongly bound entrance channel complex, as shown in Fig. 1. This

binding energy is substantial: �1 eV for late transition metal Mþ and MOþ with

methane. This also serves to stabilize all of the intermediates (and the barriers

separating them) relative to the reactants and products.

Figure 1 highlights several general features of PESs for Mþ reactions. After

forming the entrance channel complex, the metal typically inserts into a bond in

M+* AB+

M+ AB+

Entrance
Channel Insertion

Intermediate

MA+ B+

AM (B)+
M (B)+

Exit
Channel

MA +* B+TS1

TS2

Figure 1. Schematic PES for reaction of a transition metal cation Mþ with a hydrocarbon AB.

The potential for the high spin reaction is shown with solid lines; dashed lines indicate the low spin

reaction.
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the reactant, leading to one or more insertion intermediates. The situation shown

in Fig. 1, in which it is energetically favorable for reaction of a high spin metal

to occur through low spin intermediates, is fairly common, especially for the

late transition metals. The low spin configurations provide much more flexibility

in bonding, as more electrons can be paired. Finally, electrostatic interactions

lead to a strongly bound exit channel complex. The PES for these ion molecule

reactions differs significantly from those of neutral reactions in that one (and

usually several) of these adducts (intermediates, reactant, or product complexes)

is significantly more energetically stable than either reactants or products. In our

group, we synthesize and cool the intermediates and study them using electronic

and vibrational spectroscopy [25].

A wide range of bimolecular experiments have characterized PESs for

reactions of transition metal containing ions. Thermal reaction studies identify

reaction products and rates, and have been applied to a wide range of reactions to

illuminate periodic trends and reveal catalytic cycles [18–20, 24, 26]. In contrast

to neutrals, there have been few crossed molecular beam studies of these

reactions, although crossed-beam studies have revealed interesting dynamics in

competitive C��C versus C��H activation in hydrocarbons and measured the

lifetime of the reaction intermediates [27–29]. The charge on ions means that

their velocity (and hence collision energy) can be readily varied. The majority of

metal ion–ligand bond strengths have been determined by measuring reaction

cross-sections as a function of collision energy on guided ion beam instruments

[30–32]. Low energy collision induced dissociation of the intermediates gives

their energies relative to reactants or products [33–35]. As Fig. 1 shows, an

important feature of many reactions of transition metal ions is the participation

of PESs with different spin. Reactions of state-selected metal ions measure how

spin and electronic configuration affect rates and products [36–38]. Our work on

the vibrational and electronic spectroscopy of reactants and reaction inter-

mediates studies complements the collision studies by characterizing the

structure and vibrations of these species and, in some cases, measuring bond

strengths.

Photoionization of a neutral complex could be a powerful tool for studying

the PESs of reactions of transition metal cations, much as photoelectron

spectroscopy of negative ions has been applied to transition state spectroscopy

of neutral reactions. However, the difficulty of generating tunable vacuum

ultraviolet (UV) light with sufficient intensity has hampered these studies. We

have measured [39] photoionization efficiencies for FeO and CuO at the

Chemical Dynamics beamline of the Advanced Light Source (Lawrence

Berkeley National Lab), obtaining ionization energies for the metal oxides and

observing low lying quartet states of FeOþ. Transitions to these states are

optically forbidden from the FeOþ 6� ground state. These results are detailed in

Section III.B. Recent experiments have looked at photoionization of PtC, PtO,
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and PtO2. Followup photoelectron spectroscopy studies are planned, to measure

vibrational frequencies and low lying electronic states of the cations.

The PES for even a simple transition metal ion reaction is quite complex;

experiments alone cannot characterize it and electronic structure theory is

required. Calculations of reactive PESs are inherently challenging, as they

involve partially made and –broken bonds. Calculations involving transition

metals are even more difficult, due to the presence of several unpaired electrons

and large number of low lying electronic states. Transition metal reactions

frequently involve multiple spin states. Figure 1 shows a fairly common case, in

which ground state, high spin Mþ reacts to form ground-state, high spin MAþ,
yet the reaction proceeds through low spin intermediates. Modeling such a

reaction requires accurately calculating the high and low spin surfaces and their

relative energies, as well as the coupling between the surfaces. Spectroscopy of

the reactants and reaction intermediates provides a rigorous test of the accuracy

of computational methods.

II. EXPERIMENTAL METHODS

We use laser photofragment spectroscopy to study the vibrational and electronic

spectroscopy of ions. Our photofragment spectrometer is shown schematically in

Fig. 2. Ions are formed by laser ablation of a metal rod, followed by ion molecule

reactions, cool in a supersonic expansion and are accelerated into a dual TOF

mass spectrometer. When they reach the reflectron, the mass-selected ions of

interest are irradiated using one or more lasers operating in the infrared (IR),

visible, or UV. Ions that absorb light can photodissociate, producing fragment

ions that are mass analyzed and detected. Each of these steps will be discussed in

more detail below, with particular emphasis on the ions of interest.

A. Ion Production

Ions are produced in a Smalley-type laser ablation source [40,41]. The

frequency-doubled output (532 nm) of a pulsed Nd:YAG laser is loosely focused

Ablation laser Dissociation Laser(s)

Pulsed
valve

Metal
rod

Skimmer

Accelerator

Ion optics

Mass gate

Reflectron
Detector

Figure 2. Time-of-flight (TOF) photofragment spectrometer.
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onto a rotating and translating metal rod. Ablation produces transition metal ions

Mþ, which then react with an appropriate precursor entrained in a pulse of gas

introduced through a piezoelectric pulsed valve [42]. Simple metal–ligand

complexes MþL where the ligand is a stable molecule [e.g., Vþ (CO2)] are

produced using 0.05–5% ligand seeded in an inert carrier, such as helium or

argon at a backing pressure of 1–5 atm.

Most of the ions we study have covalent bonds to the metal (e.g., MOþ,
[HO��M��CH3]

þ). These ions are synthesized via ion molecule reactions, and

our choice of synthetic precursors is guided by the extensive literature on

ion molecule reactions, typically carried out under single-collision conditions in

ion cyclotron resonance (ICR) spectrometers [18, 43]. Although conditions

in our ablation source are very different from those in an ICR, we generally

observe the same products (other than, of course, the ablation source also

produces cluster ions). Thus, for example, FeOþ is produced by reaction of Feþ

with nitrous oxide [44]. Studying the intermediates of a reaction presents a

special challenge, as they are all isomers and thus cannot be separated in a mass

spectrometer. In our study of the intermediates of the FeOþ þ CH4 reaction [45]

(Section III.C) it was critical to find precursors that selectively form each

intermediate. Our choices were based on the extensive study of Schröder et al.,

who produced several of the intermediates by reacting Feþ with a variety of

neutral molecules in an ICR [46]. They identified the resulting ions based on

fragments produced after collision-induced dissociation (CID). Again, we are

generally able to produce the desired intermediate using the same reaction. For

example, the [H2C����Fe��OH2]
þ intermediate is synthesized by the reaction of

Feþ with acetic acid or, with less efficiency and specificity, n-propanol.

Reaction of Feþ with methanol efficiently produces [HO��Fe��CH3]
þ; acetic

acid and n-propanol also give modest yields of this isomer. In each case, we

characterize the ion formed through its dissociation pathways and electronic and

vibrational photodissociation spectrum [45].

Once formed, ions travel through a short tube and supersonically expand into

the source vacuum chamber. This cools the ions, reducing spectral congestion

due to transitions from excited rotational and vibrational states. The molecular

beam is then skimmed and ions pass into the differential pumping chamber. We

have measured rotational temperatures of 8 K for FeOþ [47] and 12 K for

Vþ(OCO) [48] although the supersonic expansion is not at equilibrium, so the

rotational-state distribution has a small component at a higher temperature,

which is not unusual for an ablation source [49]. At these low temperatures,

weakly bound cluster ions are readily produced. Vibrational spectroscopy of

Vþ(OCO)n and Feþ(CH4)n is discussed in Sections IV and V. When using argon

(Ar) as the carrier gas, cluster ions containing argon can be formed. As a

result, we study vibrations of the of [HO��Fe��CH3]
þ insertion intermediate

by measuring the vibrational spectrum of [HO��Fe��CH3]
þ(Ar)n (n¼1,2)
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(Section III.C). Using a rotational temperature to characterize an ion source can

be misleading, as the reactions used to form the ions of interest can be quite

exothermic, producing vibrationally and even electronically excited ions. These

degrees of freedom are more difficult to cool than rotations. Transitions from

vibrationally excited molecules provide very useful information, if they can be

identified and analyzed. Hot FeOþ (produced using 3% N2O in helium) has a

n0 ¼ 1 n00 ¼ 1 sequence band that disappears when 15% N2 is added to the

carrier gas [47]. This sequence band allows us to measure the ground-state

vibrational frequency n000 ¼ 838� 4 cm�1. Similarly, by adjusting the delay

between the ablation laser and the pulsed valve, we can observe [48] the

n03 ¼ 0 n003 ¼ 1 hot band in Vþ(OCO), which gives the frequency of

the metal–ligand stretch in the ground electronic state n003 ¼ 210 cm�1.
After the skimmer, ions are extracted along the beam axis using a pulsed

electric field, then accelerated to 1800-V kinetic energy. This is a coaxial

version of the classic orthogonal Wiley–McLaren TOF mass spectrometer [50].

It is convenient to have the source and flight tube grounded, so, after

acceleration, the ions are rereferenced to ground potential [51]. This is

accomplished by having the rereferencing tube at -1800 V potential as the ion

cloud enters, then pulsing it to ground prior to the ions’ exit using a potential

switch [52]. An Einzel lens and deflectors guide the ions through an aperture

into the detector chamber. A final deflector allows the ion beam to traverse the

5� angle through the reflectron and to the detector. When the deflector is off,

<0.1% of the incident ions reach the detector. Applying a pulsed voltage to the

deflector allows only ions within a few mass units of the ion of interest to reach

the detector, forming an effective mass gate. This is essential as, without the

mass gate, peaks from lighter ions, particularly the large Mþ peak, distort the

baseline for the rest of the mass spectrum.

Ions are photodissociated at the turning point [53] of the reflectron [54, 55]

with pulsed lasers. Photofragment ions and undissociated parent ions (dashed

line in Fig. 2) reaccelerate out of the reflectron and strike a 40-mm diameter

dual microchannel plate detector. Masses of parent and fragment ions are

determined from their flight times. Two laser systems were employed for the

studies described here. Electronic spectra were obtained using the unfocused

output of a pulsed, tunable Continuum dye laser pumped by a Continuum Nd:

YAG laser. With mixing and doubling crystals, this laser system is tunable from

220 to >900 nm with < 0:08-cm�1 line width. A LaserVision IR OPO/OPA

pumped by an injection seeded Nd:YAG laser produces light in the near- and

mid-IR for vibrational spectra. The IR laser system uses a 532-nm pumped

OPO, followed by a 1064-nm pumped OPA. In the mid-IR, it is tunable from

�2100 to >4000 cm�1, with 0.3-cm�1 line width. It produces �3 mJ/pulse near

2400 cm�1 and �10 mJ/pulse near 3800 cm�1. The lasers operate at 20-Hz

repetition rate.
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The ion signal is amplified, collected on a digital oscilloscope or a gated

integrator, and averaged using a LabView-based program. Subtracting

mass spectra collected with the dissociation laser blocked from those when it

is unblocked produces a difference mass spectrum. As shown in Fig. 3, this

allows immediate identification of the dissociation channels active at a

particular wavelength, along with their relative importance. Mass resolution is

m=�m � 200 for fragment ions, although the large parent ion signal can make

it difficult to detect H atom loss from heavy ions, such as AuCH2
þ.

The shape of the fragment peak in the difference mass spectrum can be

affected by kinetic energy release and the dissociation rate. Significant kinetic

energy release leads to broadening, while slow dissociation leads to tailing. We

have not yet observed broadening in photofragments of singly charged ions,

probably because the long-range attraction between the fragments and the

large number of available product quantum states both favor low kinetic

Figure 3. Difference mass spectrum of the [HO��Fe��CH3]
þ insertion intermediate at

photolysis wavelengths of 570 nm (a) and 350 nm (b). Simple Fe��C bond fission is observed at

both wavelengths, but photolysis at 350 nm also triggers the half reaction to produce

Feþ þmethanol (CH3OH).
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energy release. We do, however, observe significant broadening in singly

charged fragments formed by photodissociation of dications, where the

Coulomb repulsion between the fragments leads to kinetic energy releases of

80–170 kJ mol�1 [56–58]. If an ion is photoexcited, then travels some distance

through the reflectron before it dissociates, its flight time will lie between

those of the parent ion and prompt-dissociating fragments. The fragment peak in

the difference mass spectrum will then exhibit an exponential tail whose time

constant depends on the dissociation rate. In our apparatus, tailing should be

observed for dissociation lifetimes in the range �50 ns to �3 ms. We have not

observed tailing for any singly charged, metal-containing ions, indicating

photodissociation lifetimes <50 ns. Larger ions do show tailing, for example,

the ethylbenzene radical cation near 450 nm [59] and Co2þ(CH3OH)4 at 570 nm

[58] from work in our group, and Fe3coronene
þ at 532 nm [60] from work by

Duncan’s group.

Monitoring the yield of a particular fragment ion as a function of laser

wavelength and normalizing to parent ion signal and laser fluence yields

the photodissociation spectrum. This is the absorption spectrum of those ions

that photodissociate to produce the fragment being monitored. The photo-

dissociation spectrum is obtained by monitoring the fragment ion signal with a

gated integrator or, if the fragment ion signal is very small, measuring the area

under the fragment peak in the difference mass spectrum using numerical

integration and then normalizing to the parent signal and laser fluence.

B. Electronic Spectroscopy

The ions we study typically have several unpaired electrons and consequently

have many excited electronic states. This high density of states, along with peak

broadening due to photoinduced reactions, fast internal conversion and rapid

dissociation can lead to broad, featureless electronic photodissociation spectra.

These cases provide a strong impetus for vibrational spectroscopy (described

below). However, broad spectra do contain useful thermodynamic information,

as one-photon dissociation of internally cold ions requires the photon energy to

exceed the strength of the bond being broken. The photodissociation onset thus

provides an upper limit to the true, thermodynamic bond strength [30–32, 61].

The high density of electronic states in ions with a coordinatively unsaturated

transition metal center means that they are likely to absorb widely in the visible

and near UV. As a result of this broad absorption and strong coupling between

states near the dissociation limit, these ions often photodissociate at the

thermodynamic threshold, and the photodissociation onsets give bond strengths

precise to 5 kJ/mol or better [25, 62–64]. Photodissociation studies can thus

complement bond strengths measured with collisional methods [32] such as

endothermic reactions or collision induced dissociation in guided ion beams. In

general, collisional methods are preferred for measuring bond strengths, as they
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have higher throughput and are more generally applicable because they do not

rely on specific absorption properties of the molecule. The exception is those

ions for which the photodissociation spectrum exhibits vibrational structure that

completely converges to a diabatic dissociation limit. This has been seen for

VArþ and CoArþ; the dissociation limit can be determined with spectroscopic

accuracy, giving bond strengths with <0.1-kJ mol�1 precision [65–67]. The

methods used to measure ion thermochemistry are compared in an excellent

review by Ervin [30].

Fortunately, many of the ions we study predissociate, giving photodissocia-

tion spectra with resolved vibrational progressions and, in some cases, residual

rotational structure. Electronic spectroscopy of the FeOþ reactant and the

[HO��Fe��CH3]
þ intermediate of the FeOþ þ CH4 ! Feþ þ CH3OH reaction is

discussed in Section III, while the electronic spectroscopy and coupling

between high and low spin states of Vþ(OCO) is covered in Section IV.

Analysis of the electronic photodissociation spectrum gives detailed informa-

tion on the excited-state potential energy surface(s), coupling between

electronic states, and the geometry of the ion.

If an ion predissociates, then the rotational congestion and vibrational

sequence bands can determine the resolution of the photodissociation spectrum.

Most of the ions we study are quite rotationally cold, irrespective of the source

conditions. However, varying the source conditions can greatly affect the

vibrational temperature of the ions. As noted above, vibrational hot bands can

be very useful, characterizing low frequency vibrations in the ground electronic

state. More commonly, the peaks in the spectrum are simply broadened due to

overlapping vibrational sequence bands. Helium, the typical buffer gas, is rather

poor at cooling vibrations, so we often add <10% of a polyatomic molecule to

enhance vibrational and electronic cooling. Adding O2 eliminates an electronic

hot band in PtOþ and gives a much sharper dissociation onset in CoCH2
þ, again

due to cooling metastable excited electronic states [63,68]. We have used CF4,

which is rather inert, for vibrational cooling in Auþ(C2H4) [69]. The

unimolecular dissociation rate of ethylbenzene cation is strongly dependent

on the available energy. To produce vibrationally cold ions, we form them first

by charge transfer from Ptþ, which is nearly thermoneutral, and also include

CO2 in the carrier gas [59]. In producing cluster ions, more concentrated mixes

are not always better. We produce cold Vþ(OCO)5 using 5% CO2 in helium.

This same mix produces Vþ(OCO), which is fairly hot, as, in order to get good

yields of the smaller clusters, we have to adjust the delay between the ablation

laser and pulsed valve to have lower gas pressure in the ablation region. Using

only 0.1% CO2 in helium produces plenty of Vþ(OCO), and it is cold [48].

Photofragment spectroscopy is extremely sensitive, but it has the

disadvantage that one is only sensitive to absorption that leads to photo-

dissociation. For single-photon experiments, this means that one is restricted

340 r. b. metz



to studying electronic states that lie above the dissociation limit, and the

lifetime of these states usually determines the resolution of the spectrum.

We, along with several other groups, have developed techniques to measure

the spectroscopy of states that lie below the dissociation limit, with laser-

limited resolution. We have used resonance-enhanced photodissociation

(REPD) spectroscopy to study the electronic spectrum of FeOþ near

14,000 cm�1. One photon promotes the molecule to an excited electronic

state; absorption of a second photon leads to dissociation. We obtain the

rotationally resolved spectrum, with 0.05-cm�1 resolution, which allows us

to measure the rotational constants (and bond lengths) in the ground and

excited electronic states. The results are discussed in more detail in

Section III.B. Brucat and co-workers used REPD to study charge-transfer

transitions in CoOþ [49]. One disadvantage of REPD is the low dissociation

yield. For FeOþ, we obtain 0.1% dissociation at a peak, which restricts us

to studying ions that can be produced in abundance. A second consideration

is power broadening. For the FeOþ study, the UV laser was not focused

and was attenuated to avoid saturating the more intense transitions. Using two

different wavelengths helps to avoid this problem, as the fluence of the laser

exciting the bound–bound transition can be low, while that of the second

laser is much higher. In addition, one can access a much broader range of

electronic states, as one is not restricted to those that lie above 50% of the

dissociation energy. An excellent example of two-color resonance enhanced

photodissociation is the study of vibronic transitions in Ni2
þ by Brucat and

co-workers [70].

Another method to measure electronic spectra of ions below the dissociation

limit is to photoexcite molecules relatively weakly bound to a ligand. For

example, photofragmentation of FeCH2
þ(H2O) in the visible probes electronic

states of the FeCH2
þ chromophore that lie below D0(Fe

þ–CH2)¼ 28500 cm�1

[31, 63]. Absorption of 14,000–20,000-cm�1 photons leads to loss of H2O. The

resulting spectrum is vibrationally resolved, but the peaks are �300 cm�1 wide.
The REPD of FeCH2

þ shows a similar vibrational progression, shifted

1740 cm�1 to the red. [45]. This shift is due to the different binding energies

of H2O to the ground and excited states of FeCH2
þ. The peaks in the REPD

spectrum are also 300 cm�1 wide, probably due to rapid internal conversion of

the excited state. In their photofragment study of the ZrOþ(CO2) and ZrOþ(N2)

complexes, obtained by monitoring loss of CO2 or N2, Brucat and co-workers

observe beautifully resolved photodissociation spectra from 14,900 to

17,700 cm�1, with progressions in the Zr��O stretch, as well as the ZrO��ligand
stretch and rock [71]. This technique provides a way to study the electronic

spectroscopy of ZrOþ far below its dissociation limit. Similarly, we observe a

well-resolved spectrum in TiOþ(CO2) from 14,000 to 17,300 cm�1, which

probes a 2�  2� transition in TiOþ [72].
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C. Vibrational Spectroscopy

Electronic spectroscopy of jet-cooled molecules is an excellent tool to

characterize excited electronic states of molecules, but it rarely gives information

on vibrations in the ground electronic state. Vibrational (IR) spectroscopy is the

tool of choice to study bonding in the ground electronic state. In electrostatically

bound entrance channel complexes, such as Mþ(CH4), vibrational spectroscopy

illuminates the mechanism of C��H bond activation by measuring how

interaction with the metal center affects bonds in the reactant. Similarly,

vibrational spectroscopy of reaction intermediates elucidates the mechanism of

ligand activation by the metal center. An additional advantage is that vibrational

spectroscopy gives well-resolved spectra even in quite complex molecules, such

as Mþ bound to several ligands, where the electronic spectrum is usually

featureless [73]. As a result, vibrational spectroscopy of ions has chiefly been

applied to studying noncovalent interactions in solvated cluster ions [73–92].

Vibrational spectroscopy has been used to reveal the structure of products and

intermediates of ion molecule reactions [93, 94] as well as of intracluster

reactions [76, 95]. We have used vibrational spectroscopy to study covalently

bound reaction intermediates, such as [HO��Fe��CH3]
þ (Section III.C), and

noncovalent complexes, such as Vþ(OCO) and Feþ(CH4)n (Sections IV and V).

These studies were carried out using an IROPO/OPA laser system that is pumped

by an injection-seeded Nd:YAG laser. The IR laser system uses a 532-nm

pumped OPO and a 1064-nm pumped OPA to produce tunable light from 2100 to

>4000 cm�1, with 0.2-cm�1 line width and �3 mJ/pulse near 2400 cm�1 and

8 mJ/pulse near 3500 cm�1. Free electron lasers, such as FELIX (Netherlands)

and CLIO (France), produce very high fluences down to �600 cm�1. This wide
spectral range has allowed the characterization of many ions that have several

potential isomers [74, 81, 93, 94, 96]. Free electron lasers have disadvantages:

beam time is limited and the spectra tend to be broad due to the 2% bandwidth of

the light and high fluences required for efficient IR multiphoton dissociation.

Photofragment spectroscopy requires that the ion dissociate, which is a

challenge as most of the ions we wish to study have significant binding energies:

for example, Vþ(OCO) is bound by 6000 cm�1 [33]. Groups in this field have

developed a toolbox of complementary techniques to measure IR spectra of

strongly bound ions [74]. No one method is perfect or completely general, but at

least one method should work on any given ion. Because absorption of several

IR photons can dissociate even strongly bound ions, resonance enhanced IR

multiphoton dissociation (IRMPD) has proven a useful tool for studying the

spectroscopy of ions since early work on organic ions using CO2 lasers [97].

Transition metal containing systems have also been studied using CO2 lasers

[98–101]. The high fluences available from IR OPOs and free-electron lasers

make IRMPD an attractive technique. Efficient IRMPD requires fairly rapid
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intramolecular vibrational redistribution (IVR), to ensure that vibrationally

excited molecules continue to absorb at the resonant wavelength and also to

efficiently transfer energy from the vibration excited to the dissociation

coordinate. Small molecules and clusters tend to have high binding energies and

low vibrational density of states (and hence small IVR rates); larger molecules

are better candidates for IRMPD due to their higher densities of states and more

rapid IVR. For example, Duncan and co-workers observe no signal in IRMPD

of Feþ(CO2), weak signal from Feþ(CO2)2, and strong signals in larger clusters,

attributing this to slow IVR in the small clusters [102]. Similarly,

[HO��Fe��CH3]
þ is not a good candidate for IRMPD studies. We observe

very small amounts of multiphoton dissociation: only 0.1% dissociation in the

O��H stretching region. Also, power broadening and preferential photodissocia-

tion of hotter ions in the beam lead to a broad, poorly resolved spectrum.

‘‘Argon tagging’’ is a version of the ‘‘spectator spectroscopy’’ developed by

Lee and co-workers [103] in which the ion of interest is clustered with one

or more argon atoms. The IR absorption by the ion core leads to

vibrational predissociation and loss of the tag. The choice of argon as the tag

is a compromise: Argon has sufficiently weak binding to ensure one-photon

dissociation and to minimize perturbations of the vibrational spectrum, yet

binds sufficiently strongly to allow production of usable quantities of tagged

ions. Argon tagging has been extensively developed by Johnson and co-workers

for the spectroscopy of negative ions [78, 104–107] and has been used by Lisy

and co-workers to study Csþ(H2O) and Liþ(H2O) [86,88] and Duncan and

co-workers to study many ions, including Mþ(CO2)n (M¼Al, Fe, Mg, Ni, V)

[76, 77, 102, 108–112]. We have used this technique to measure the O��H and

C��H stretching vibrations of [HO��Fe��CH3]
þ (Section III.C). Neon-tagged

ions are more challenging to produce, but the weaker binding is an advantage in

studying low frequency vibrations and also gives smaller perturbations [79].

Helium tagging leads to the smallest perturbations and has been used to measure

vibrational spectra of vanadium oxide cations using a free-electron laser [113].

Vibrationally mediated photodissociation (VMP) can be used to measure the

vibrational spectra of small ions, such as Vþ(OCO). Vibrationally mediated

photodissociation is a double resonance technique in which a molecule first

absorbs an IR photon. Vibrationally excited molecules are then selectively

photodissociated following absorption of a second photon in the UV or visible

[114–120]. With neutral molecules, VMP experiments are usually used to

measure the spectroscopy of regions of the excited-state potential energy

surface that are not Franck–Condon accessible from the ground state and to see

how different vibrations affect the photodissociation dynamics. In order for

VMP to work, there must be some wavelength at which vibrationally excited

molecules have an electronic transition and photodissociate, while vibrationally

unexcited molecules do not. In practice, this means that the ion has to have a
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vibrationally resolved photodissociation spectrum due to predissociation [as is

the case for Vþ(OCO)] or that the photodissociation spectrum have a sharp

onset (e.g., at the bond strength, as for FeCH2
þ, AuCH2

þ and several other ions

we have studied) [25, 63, 121]. This is not always the case, or the electronic

transition may be weak, or lie at an inconvenient wavelength, so VMP is less

generally applicable to ion spectroscopy than IRMPD or tagging. However,

VMP has the great advantage that it can be used to measure vibrational spectra

of unperturbed ions with resolution limited only by the laser line width. Section

IV discusses our use of VMP to measure the OCO antisymmetric stretch in

Vþ(OCO) and to see how exciting vibronic transitions involving this vibration

affect the photodissociation dynamics.

III. METHANE–METHANOL CONVERSION BY FeOþ

Methane cannot be liquefied by pressure alone, it must also be cooled, which

makes it awkward to transport. Therefore there has been a great deal of effort

directed toward direct conversion of methane to an easily transportable and more

synthetically useful liquid, such as a larger hydrocarbon or methanol [122–144].

Direct conversion of methane to methanol is also of great fundamental interest as

the simplest alkane oxidation. Although no direct, efficient methane–methanol

conversion scheme has yet been developed [122], significant advances have been

made using iron-based catalysts. Wang and Otsuka have achieved high catalytic

selectivity for direct oxidation of methane to methanol using an FePO4 catalyst

with N2O and H2/O2 as the oxidizing agents, but the reaction yield is low

[125, 126]. Other approaches that have achieved modest success include direct

oxidation by N2O in a plasma [127], oxidation of methane to a methyl ester using

a platinum catalyst [128, 129], and direct methane–methanol conversion using an

iron-doped zeolite [130]. Methanogenic bacteria efficiently convert methane to

methanol. The reaction is catalyzed by the enzyme methane monooxygenase

(MMO), which contains non-heme iron centers at the active site [131–133].

In 1990, Schröder and Schwarz reported that gas-phase FeOþ directly converts
methane to methanol under thermal conditions [21]. The reaction is efficient,

occuring at�20% of the collision rate, and is quite selective, producing methanol

40% of the time (FeOHþ þ CH3 is the other major product). More recent

experiments have shown that NiOþ and PtOþ also convert methane to methanol

with good efficiency and selectivity [134]. Reactions of gas-phase transition metal

oxides with methane thus provide a simple model system for the direct conversion

of methane to methanol. These systems capture the essential chemistry, but do not

have complicating contributions from solvent molecules, ligands, or multiple

metal sites that are present in condensed-phase systems.

Bond activation by transition metals is a complex process, as it often involves

making and breaking several bonds and can occur on multiple, coupled potential
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energy surfaces. Detailed understanding of the mechanism requires

many experiments, as each is sensitive to only part of the potential energy

surface, but experiments alone are not sufficient: Accurate calculations are also

required. Studies of small model systems that retain the essential chemistry are

necessary, as they are the systems for which we can carry out the most detailed

experiments and highest level calculations, allowing us to assess the reliability

of competing theoretical methods. These methods can then be used to predict

mechanisms for more complex, condensed-phase reactions for which we have

limited experimental data and to help develop improved catalysts.

Methane-to-methanol conversion by gas-phase transition metal oxide cations

has been extensively studied by experiment and theory: see reviews by

Schröder, Schwarz, and co-workers [18, 23, 134, 135] and by Metz [25, 136].

We have used photofragment spectroscopy to study the electronic spectroscopy

of FeOþ [47, 137], NiOþ [25], and PtOþ [68], as well as the electronic and

vibrational spectroscopy of intermediates of the FeOþ þ CH4 reaction.[45, 136]

We have also used photoionization of FeO to characterize low lying, low spin

electronic states of FeOþ [39]. Our results on the iron-containing molecules are

presented in this section.

A. Reaction and Computational Studies: Mechanism

Figure 4 shows a schematic potential energy surface for the conversion of

methane to methanol by FeOþ. The sextet (high spin) reaction path is indicated

by a solid line and the quartet (low spin) path is dotted. The minor pathway

leading to FeCH2
þ þH2O is not shown. The relative energies of reactants and

products are based on experiment [138]. The energies of intermediates are

based on our calculations [45, 139] at the B3LYP/6-311þG(d,p) level, and the

energies of transition states are relative to the previous intermediate, as

calculated by Yoshizawa et al. [140]. Recent calculations in our group at the

CCSD(T)/6-311þG(3df,p) and B3LYP/6-311þG(3df,p) level give similar

results, but predict that the quartet and sextet states of the insertion intermediate

have very similar energies [141]. Our calculations are an extension of

computational studies at the B3LYP/6-311G(d,p) level by Yoshizawa et al. on

methane activation by FeOþ [142–144] and the other first-row MOþ [140, 145].

Schröder et al. [46] and Fiedler et al. [146] have also carried out calculations on

methane–methanol conversion by FeOþ and the late first-row transition metals,

respectively.

The mechanism that has been developed for the conversion of methane to

methanol by FeOþ is an excellent example of the synergy between experiment

and theory. This mechanism includes two key concepts: concerted reaction

involving the critical [HO��Fe��CH3]
þ insertion intermediate and two-state

reactivity. The reaction proceeds as follows: electrostatic interaction between

FeOþ and methane produces the [OFe � � �CH4]
þ entrance channel complex.
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Depending on the level of theory, the iron coordinates to methane in an Z2 or Z3

configuration, and weakens the proximate C��H bonds by accepting electron

density from C��H s bonding orbitals and backdonating electron density to

C��H antibonding orbitals. At transition state TS1 the strong C��H bond in

methane is being replaced by two bonds: a strong O��H bond and a fairly weak

Fe��C bond. Although both the reactants and products are high spin, at thermal

energies the reaction occurs through low spin intermediates [143,144], as the

high spin TS1 lies significantly above the reactants. This ‘‘two-state reactivity’’

has been extensively studied by Shaik and co-workers, especially in the

exothermic, but very inefficient, FeOþ þH2 ! Feþ þH2O reaction [147–150].

The efficiency of the reaction is determined by the likelihood that reactants will

cross TS1. This is determined by the energy of the quartet TS1, as well as by the

probability that the initially formed sextet entrance channel complex will

undergo a spin change to the quartet state. Shiota and Yoshizawa have

calculated [144] the spin–orbit coupling in the entrance channel complex to be a

modest �130 cm�1. This and the lifetime of the [OFe � � �CH4]
þ entrance

channel complex determine the likelihood of crossing to the quartet surface.

The low efficiency of the FeOþ þH2 reaction is due to the short lifetime of

the entrance channel complex. The TS1 leads to the key insertion intermediate
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Figure 4. Schematic potential energy surface for the reaction of FeOþ with methane. The solid

line indicates the sextet surface; the quartet surface is shown with a dotted line, in each case leading

to the production of Feþ þ CH3OH. The dashed line leads to formation of FeOHþ þ CH3. The

pathway leading to the minor FeCH2
þ þH2O channel is not shown. Schematic structures are shown

for the three minima: the [OFe � � �CH4]
þ entrance channel complex, [HO��Fe��CH3]

þ insertion

intermediate, and Feþ(CH3OH) exit channel complex. See text for details on the calculations on

which the potential energy surface is based.
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[HO��Fe��CH3]
þ, which can dissociate to produce FeOHþ þ CH3 or can

undergo migration of a methyl group via TS2 to produce the iron–methanol exit

channel complex [Fe(CH3OH)]
þ, which subsequently dissociates. The selectivity

of the reaction between methanol and methyl radical products is primarily

determined by the energy of TS2 relative to methyl radical products. Because

methyl radical is produced by simple bond fission of the insertion intermediate, it

is entropically favored over the methanol channel, which occurs through the

tighter transition state TS2. Thus, if TS2 is at an energy close to or above methyl

products, the reaction will overwhelmingly produce MOHþ þ CH3, as is

observed for MnOþ [134, 145]. For FeOþ, TS2 lies somewhat below methyl

radical products, so the two pathways are competitive at thermal energies, but

increased translational energy strongly favors the methyl radical pathway [151].

Producing quartet Feþ þ CH3OH from sextet reactants is endothermic, so a

second spin change is required to produce exothermic sextet products.

Previously, most discussions assumed that this occurs in the Feþ(CH3OH) exit

channel complex. However, Shiota and Yoshizawa calculate [144] that the spin–

orbit coupling in this complex is only 0.3 cm�1. They suggest that the second

spin change occurs in the insertion intermediate, which has a spin–orbit coupling

of �20 cm�1. Our vibrational spectroscopy experiments on the insertion

intermediate support this idea, as our results suggest that the quartet and sextet

states of [HO��Fe��CH3]
þ are both formed in the molecular beam and can likely

interconvert. In order to characterize FeOþ we have measured the electronic

spectroscopy of predissociative and bound states, as well as photoionization of

neutral FeO. We have also studied the electronic and vibrational spectroscopy of

the [HO��Fe��CH3]
þ intermediate.

B. Spectroscopy of FeOþ

1. Electronic Spectroscopy of Predissociative States

In 1986 Freiser and co-workers measured the photodissociation spectrum of

FeOþ in an ion cyclotron resonance spectrometer using a lamp–monochromator

as their light source. They observed a gradual onset at �420 nm leading to a

sharp peak near 350 nm (28,600 cm�1) whose width was determined by the

10-nm resolution of their instrument [61]. More recent guided ion beam

measurements place D0(Fe
þ��O) at 28,000 � 400 cm�1 [31]. We produce FeOþ

by reacting Feþ with N2O and measure its photodissociation spectrum from

�28,000 to >30,000 cm�1. Figure 5 shows the origin of the 6� X 6� band,

which lies just above the dissociation limit. The partially resolved rotational

structure in the peak can be simulated to obtain rotational constants for the upper

state, using the known (see below) constants for the ground state [47,137]. The

simulation (dashed lines) gives a bond length r0
0 ¼ 1.664 Å and the spin–spin

splitting constant l0 ¼ 0.60 cm�1 for the upper state. The resolution is limited to
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1.5 cm�1 by the 3.5-ps predissociation lifetime of the excited state. The n0 ¼ 1

peak is observed 662 cm�1 higher in energy and is 40 cm�1 wide, dissociating in
140 fs. By producing the ions using helium as the carrier gas at low backing

pressure, we minimize vibrational cooling and observe the n0 ¼ 1 n00 ¼ 1

transition at 28,473 cm�1, which allows us to measure the vibrational frequency

in the ground electronic state n000 ¼ 838 cm�1 [47].

2. Resonance-Enhanced Photodissociation: FeOþ States Below

the Dissociation Limit

Unfortunately, predissociation of the excited-state limits the resolution of our

photodissociation spectrum of FeOþ. One way to overcome this limitation is by

resonance enhanced photodissociation. Molecules are electronically excited to a

state that lies below the dissociation limit, and photodissociate after absorption

of a second photon. Brucat and co-workers have used this technique to obtain a

rotationally resolved spectrum of CoOþ from which they derived rotational
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Figure 5. Photodissociation spectrum of 56FeOþ. The 0–0 vibrational transition of the
6� X6� band (solid line) and best-fit simulation (dashed line) are shown.
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constants for the 5�4 ground state and the 5�3 and
5�5 excited states [49]. We

carried out time-dependent density functional theory calculations (TD–DFT)

using the B3LYP hybrid density functional to see if FeOþ has excited electronic

states in the relevant energy range. The TD–DFT results, shown in Fig. 6, predict

an excited 6� state near 27500 cm�1, with a bond length similar to the ground

state. These predictions are in excellent agreement with our observed 6�–6�
transition. At lower energy, the calculations predict three 6� states with

equilibrium bond lengths significantly longer than the ground state. A vertical

transition to the lowest 6� state should occur at about one-half of the dissociation

energy, making this state a good candidate for resonance enhanced (1þ 1)

photodissociation (REPD) studies. Figure 7 shows a portion of the REPD
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Figure 6. Calculated potential energy curves for sextet states of FeOþ. The ground electronic

state and excited states accessible by allowed electronic transitions from the ground state are shown.

Points are calculated using TD–DFT at the B3LYP/6-311G(d,p) level. Solid lines are � states and

dashed lines are � states, the vertical dashed line indicates re for the ground state. The experimental

value of the dissociation energy De is also shown for reference.
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spectrum. The resolution is limited only by the 0.05 cm�1 line width of the laser,
leading to clearly resolved rotational structure. Based on the energy shift

observed for the minor 54FeOþ isotopomer, the transition is from v00 ¼ 0 of the
6� ground state to v0 ¼ 8 of the 6�7/2 excited state. The 6� ground state has six

spin–spin sublevels and we observe transitions from four of them to v0 ¼ 8, 9 of

the 6�7/2 excited state. The observed transitions have been fit to a detailed

Hamiltonian to obtain rotational constants for the ground and 6�7/2 excited states

[137]. The rotational constant for the ground state gives r0
00 ¼ 1.643� 0.001 Å.

Other molecular parameters determined for the 6�þ ground state are the spin–

spin coupling constant l ¼ �0:126 cm�1 and the spin–rotational coupling

constant g ¼ �0:033 cm�1. Detailed spectroscopy of FeOþ and similar systems

provide a demanding test of electronic structure methods. Measurements of the

ground-state bond length and the ground- and excited-state vibrational

frequencies test calculations of the potentials, while measurements of the

spin–spin and spin–orbit coupling test calculations of the interactions between

states. Observation of transitions to high vibrational levels of the 6� state is

consistent with the TD–DFT calculations, which predict that the low lying 6�
states have charge-transfer character, with much longer bond length than the 6�
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ground state. In general, we find that TD–DFT calculations of excited electronic

states of open-shell metal-containing diatomics are surprisingly accurate, with

mean errors of 0.03 Å in bond lengths, 2000 cm�1 in electronic excitation

energies and 50 cm�1 in vibrational frequencies [137].

3. Photoionization of FeO: Low lying Quartet States of FeOþ

Transition metal containing ions often have low lying electronic states with

different spin multiplicity from the ground state. Electronic transitions to these

states from the ground state are spin forbidden and often occur at awkward

wavelengths, making their study difficult. Photoionization of the neutral

provides an alternate route to access these states. For example, electronic

structure calculations predict that FeOþ has a 6� ground state (which our

experiments confirm) and several low lying quartet states, 4�, 4�, and 4�
within �1 eV of the ground state, depending on the level of theory [145, 146,

152, 153]. The quartet states have not been optically observed. All of these

states can be accessed by photoionization of neutral FeO (X, 5�). We have

measured photoionization efficiencies for FeO (Fig. 8) and also of CuO at the

Advanced Light Source, obtaining ionization energies for the metal oxides with
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Figure 8. Photoionization efficiency curve for 56FeO near the ionization onset, corresponding

to production of FeOþ X, 6�.
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0.01-eV precision [39]. This allows us to refine the Feþ �O bond strength

using

D0ðMþ��OÞ � D0ðM��OÞ ¼ IEðMÞ � IEðMOÞ

Recent photofragment imaging experiments give a very precise value

D0ðFe��OÞ ¼ 4:18� 0:01 eV [154], which implies D0ðFeþ��OÞ ¼ 3:52�
0:02 eV. This value is consistent with, and slightly more precise than, the

guided ion beam value of 3.47� 0.06 eV [31]. For most transition metal

oxides, bond strengths for the ions are significantly more precise than for the

neutrals, so measuring the molecule’s ionization energy leads to improved

values of the neutral bond strength. In this vein, we have also recently

measured ionization energies of PtC, PtO, and PtO2.

Photoionization can also access excited electronic states of the ion that are

difficult to study by optical methods. The photoionization yield of FeO increases

dramatically 0.36 eV above the ionzation energy. This result corresponds to the

threshold for producing low spin quartet states of FeOþ. These states had not

been previously observed, as transitions to them are spin forbidden and occur at

inconveniently low energy. Because the FeOþ þ CH4 reaction occurs via low

spin intermediates, accurately predicting the energies of high and low spin states

is critical.

C. Spectroscopy of the [HO��Fe��CH3]
þ Insertion Intermediate

1. Electronic Spectroscopy

The potential energy surface for the FeOþ þ CH4 reaction has four intermedi-

ates: an [OFe � � �CH4]
þ entrance channel complex, [HO��Fe��CH3]

þ insertion

intermediate and Feþ(CH3OH) exit channel complex, as shown in Fig. 4. In

addition, there is an [H2O��Fe¼ CH2]
þ exit channel complex that leads to the

minor FeCH2
þ þH2O channel. As these intermediates are, at least, local

minima, once they are produced and cooled, they should be stable in the absence

of collisions and they can be studied. Studying these ions is complicated by the

fact that they are all isomers and thus cannot be separated in a mass spectrometer.

So, we use ion molecule reactions to synthesize a particular intermediate and

then characterize it from its photodissociation pathways and photodissociation

spectrum. In an elegant series of ICR experiments, Schröder et al. synthesized

the intermediates of the FeOþ þ CH4 reaction by reacting Feþ with a variety of

organic precursors. The intermediates were characterized based on fragment ions

produced by collision-induced dissociation [46]. Although the reaction condi-

tions in our ion source are very different from those in an ICR, we find that

the reactions used by Schröder et al. generally form the same intermediates in

our source. We have produced the [HO��Fe��CH3]
þ and [H2O��Fe����CH2]

þ
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intermediates, cooled them in a supersonic expansion, and measured their

electronic and vibrational spectra. Here we will focus on the [HO��Fe��CH3]
þ

insertion intermediate, results on [H2O��Fe����CH2]
þ have been presented

elsewhere [45, 139].

Photodissociation of the insertion intermediate produces Feþ þ CH3OH

and FeOHþ þ CH3 in a 44:56 ratio at each photodissociation resonance peak.

Nonresonant photodissociation leads to less Feþ product, as shown in Fig. 3.

So, in a half-collision experiment, photoexcitation of the [HO��Fe��CH3]
þ

intermediate triggers the FeOþ þ CH4 reaction, leading to the same products

as are observed in the bimolecular reaction. The photodissociation spectra of

[HO��Fe��CH3]
þ and [HO��Fe��CD3]

þ obtained by monitoring FeOHþ are

shown in Fig. 9. The data shown was obtained from the insertion intermediate

produced by reacting Feþ with CH3OH and CD3OH. As this reaction can also

produce the Feþ(CH3OH) exit channel complex, we also synthesize the ions

by reacting Feþ with acetic acid, which produces [HO��Fe��CH3]
þ and

[H2O��Fe����CH2]
þ. Monitoring the Feþ or FeOHþ fragment, we get the same

spectrum as shown in Fig. 9, confirming that it is due to the insertion

intermediate. If we monitor FeCH2
þ, we get a very different photodissociation

spectrum due to [H2O��Fe����CH2]
þ. The spectrum of the insertion intermediate

is vibrationally resolved and the peaks show some tailing to lower energy due

Figure 9. Photodissociation spectra of the insertion intermediate of the FeOþ þ CH4 reaction. Top:

[HO��Fe��CD3]
þ, middle: [HO��Fe��CH3]

þ, bottom (dashed): Franck–Condon simulation of the

[HO��Fe��CH3]
þ spectrum. The spectrum shows a long progression in the Fe-C stretch

(n110 ¼ 478 cm�1) and short progressions in the Fe��O stretch (n80 ¼ 861 cm�1) and O��Fe��C bend

(n140 ¼ 132 cm�1).
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to unresolved rotational structure. As these intermediates are probably in

the sextet state [45], the peaks are due to vibrations in an electronically

excited sextet state of the intermediate. The longest vibrational progression

observed is in the Fe��C stretch (n110 ¼ 478 cm�1) and there are short

progressions in the Fe��O stretch (n80 ¼ 861 cm�1) and O��Fe��C bend

(n140 ¼ 132 cm�1). This assignment is supported by isotope shifts in the

spectrum of [HO��Fe��CD3]
þ and extensive hybrid density functional theory

(B3LYP) calculations [45]. The Franck–Condon simulation shown in dashed

lines in the figure predicts that electronic excitation leads to a 0.13-Å change

in the Fe��C bond length, a 0.05 Å change in the Fe��O bond length, and

O��Fe��C angle change of 4�. The low frequency bend is the primary motion

required for the molecule to get from the insertion intermediate to transition

state TS2. While the electronic spectrum allows us to study an excited

electronic state of [HO��Fe��CH3]
þ, it gives little information on the structure

and bonding in the ground state of the complex. This information is best

obtained from vibrational spectroscopy.

2. Vibrational Spectroscopy

To characterize bonding in the insertion intermediate, we have measured its

vibrational spectrum. As noted in Section II, using photofragment spectroscopy

to measure vibrational spectra of strongly bound ions is challenging, as one IR

photon does not have sufficient energy to break a bond. This is certainly the

case for [HO��Fe��CH3]
þ, which is bound by �130 kJ mol�1 (three IR photons

at 3600 cm�1) relative to Feþ þ CH3OH [45]. Infrared multiphoton dissociation

is inefficient (<0.1% dissociation at 10 mJ/pulse) and gives a very broad spe-

ctrum. Instead, we measure the vibrational spectrum of argon-tagged molecules

[HO��Fe��CH3]
þ(Ar)n (n¼ 1,2) in the O��H stretching region (Fig. 10)

[141]. The spectrum of [HO��Fe��CH3]
þ(Ar) peaks at 3646 cm�1 and has a

shoulder at �3633 cm�1, while the spectrum of [HO��Fe��CH3]
þ(Ar)2 is

significantly narrower, peaking at 3660 cm�1. For comparison, the O��H
stretching frequency in methanol is 3681 cm�1. The shoulder in the

[HO��Fe��CH3]
þ(Ar) spectrum suggests the presence of two isomers or spin

states of the molecule, and this feature persists when we change source

conditions. The same spectrum is obtained with methanol and acetic acid as the

precursor, confirming that we are studying the insertion intermediate, rather

than the exit channel complex. We have extended our previous calculations

on the FeOþ þ CH4 reaction to B3LYP and CCSD(T) with larger basis sets, and

the calculations predict that the quartet and sextet states of [HO��Fe��CH3]
þ

are at very similar energies. Calculations on the argon-tagged complexes

predict that the O��H stretching frequency of sextet [HO��Fe��CH3]
þ lies

11 cm�1 above that of the quartet state, but that the frequencies are very similar
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for the argon-tagged complexes. So, it is possible that both the sextet and

quartet states of the insertion intermediate are formed in our experiment and

that the significant spin–orbit coupling calculated by Shiota and Yoshizawa

[144] allows them to interconvert in the source. We have also measured the

vibrational spectrum in the C��H stretching region, which is significantly

more difficult, as the C��H stretches are at least an order of magnitude

weaker than the O��H stretch. We observe peaks at 2880 and 2860 cm�1

for [HO��Fe��CH3]
þ(Ar) and narrower peaks at 2885 and 2860 cm�1 for

[HO��Fe��CH3]
þ(Ar)2. The calculations predict these to be the symmetric C��H

stretch, which is the most intense and occurs at the lowest energy. They also

suggest that the higher frequency vibrations are due to the sextet state. The

vibrational spectrum is sensitive to both spin states, as both have intense O��H
stretching vibrations. In the electronic photodissociation spectrum, we observe

a structured spectrum near 31,000 cm�1. The TD-DFT calculations suggest that

this is due to the quartet state, as the sextet is not predicted to absorb in this

energy region, while the quartet is predicted to have several electronic states

with modest absorption from 29,300 to 35,900 cm�1. Some of these states also

likely lead to the nonresonant photodissociation observed in this region.

Figure 10. Vibrational spectra of the [HO��Fe��CH3]
þ insertion intermediate in the O��H

stretching region. Spectra are obtained by monitoring loss of argon from IR resonance enhanced

photodissociation of the argon-tagged complexes [HO��Fe��CH3]
þ(Ar)n (n¼ 1,2).
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IV. C��O BOND ACTIVATION BY Vþ: SPECTROSCOPY AND

DISSOCIATION DYNAMICS OF Vþ(OCO)n

The reaction between Vþ cation and CO2 is quite interesting, as it demonstrates

the effect of spin on an exothermic reaction, and how spin effects differ between

a bimolecular reaction and a photoinduced half-reaction. It also shows how

photoexcitation can be used to influence the products of the chemical reaction.

The Vþ þ CO2 reaction is exothermic:

Vþð5DÞ þ CO2 ! VOþð3�Þ þ COð1�Þ �H ¼ �52 kJ mol�1 ð1Þ

However, the reaction does not occur at thermal energies (the reaction rate is

<0.1% of the collision rate) [26], but is observed at higher collision energies

[33]. This is unusual: Most exothermic ion molecule reactions have an

appreciable rate at thermal energies, as the attractive electrostatic forces between

the reactants depress reaction barriers so that they lie below the reactants.

Vanadium cation forms an electrostatic entrance channel complex with CO2;

calculations show that the complex is linear: Vþ(OCO), with a 5� or 5� ground

state [48,155], and guided ion beam experiments [33] show that it is bound by

72 kJ mol�1 relative to Vþ þ CO2. Collision-induced dissociation [33] of

Vþ(OCO) leads exclusively to Vþ þ CO2 at low energies, with VOþ only

observed at collision energies > 8 eV. This result is surprising, as VOþ

production is energetically favored, but spin forbidden

V+ (5D) + CO2 (
1Σ) ∆H = 72 ± 4 kJ mol–1

V+(OCO)

VO+ (3Σ) + CO (1Σ) ∆H = 20 ± 10 kJ mol–1 

A. Electronic Spectroscopy of Vþ(OCO)

Brucat and co-workers studied photodissociation of Vþ(OCO) in the visible

[156]. The excited-state predissociates, giving a vibrationally resolved spectrum

with partially resolved rotational structure with progressions in the Vþ��OCO
stretch and rock, and in the OCO bend. Dissociation occurs via both the reactive

VOþ and nonreactive Vþ channels, with a VOþ/Vþ ratio of 0.4 at the vibronic

origin. They also observed interesting mode selectivity in the photodissociation:

Exciting the rocking vibration enhances the reactive channel by 50%. Because

the reactive channel requires breaking a C��O bond, we felt that the OCO

antisymmetric stretch would be similar to the reaction coordinate. So, we

proposed that exciting vibronic transitions involving the antisymmetric stretch,

ð2aÞ

ð2bÞ
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perhaps in combination with Vþ��OCO stretch and rock, would enhance the

reactive channel even further. Brucat and co-workers did not observe bands

involving the antisymmetric stretch vibration, presumably due to small Franck–

Condon factors. To overcome this problem, we used vibrationally mediated

photodissociation to access transitions involving the antisymmetric stretch

vibration, n1. An IR photon vibrationally excites molecules to n001 ¼ 1, then a

visible photon promotes the molecules to vibrational levels in the excited

electronic state with n01 ¼ 1, whereupon they predissociate, and we measure the

products. This experiment would also measure the antisymmetric stretch

frequencies in the ground and excited electronic states, which had not been

previously determined.

B. Vibrational Spectroscopy and Vibrationally Mediated

Photodissociation

As noted in the experimental section, vibrational predissociation is the simplest

way to measure the vibrational spectra of ions. Vibrational predissociation

requires that the photon energy exceed the bond strength. The OCO antisym-

metric stretch frequency in Vþ(OCO) should be similar to the value in bare CO2,

2349 cm�1. The Vþ��OCO bond strength [33] is 6050� 320 cm�1, so three IR

photons are required to dissociate the molecule, ruling out vibrational

predissociation. Vþ(OCO) is also a poor candidate for IRMPD studies, as it is

small and thus has a low density of vibrational states. We first looked at

vibrational spectroscopy of Vþ(OCO)5, which had previously been studied by

Duncan and co-workers [112]. They find that, for Vþ, the first four CO2 ligands

bind to the metal; additional ligands are in the second solvent shell. This results

in weak binding, and our IR resonance enhanced photodissociation spectrum of

Vþ(OCO)5 is shown in Fig. 11. The antisymmetric stretch vibrational frequency

for outer-shell CO2 is nearly unchanged from its value in free CO2. For inner-

shell CO2, binding to Vþ shifts the antisymmetric stretch 26 cm�1 to the blue.

This shift should be even larger for the Vþ(OCO) cluster, as the metal–ligand

interaction is stronger, and Duncan and co-workers observe a peak at 2378 cm�1

for the argon-tagged complex Vþ(OCO)Ar, but the signal for this ion is quite

weak [112].

The Vþ(OCO) ion has a structured electronic photodissociation spectrum,

which allows us to measure its vibrational spectrum using vibrationally

mediated photodissociation (VMP). This technique requires that the absorption

spectrum (or, in our case, the photodissociation spectrum) of vibrationally

excited molecules differ from that of vibrationally unexcited molecules.

The photodissociation spectrum of Vþ(OCO) has an extended progression in the
Vþ��OCO stretch, indicating that the ground and excited electronic

states have different equilibrium Vþ��OCO bond lengths. Thus, the OCO

antisymmetric stretch frequency n1 should be different in the two states, and the
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n01 ¼ 1 n001 ¼ 1 transition will be at a different energy than the

n01 ¼ 0 n001 ¼ 0. We use this fact to measure the vibrational spectrum of

Vþ(OCO) in a depletion experiment (Fig. 12a). A visible laser is set to the

n01 ¼ 0 n001 ¼ 0 transition at 15,801 cm�1, producing fragment ions. A tunable

IR laser fires before the visible laser. Absorption of IR photons removes

population from the ground state, which is observed as a decrease in the

fragment ion signal. This technique is a variation of ion-dip spectroscopy, in

which ions produced by 1þ 1 REMPI are monitored as an IR laser is tuned.

Ion-dip spectroscopy has been used by several groups to study vibrations of

neutral clusters and biomolecules [157–162].

We observe 8% depletion of the fragment signal at 2391.5 cm�1, which
establishes the antisymmetric stretch frequency in the Vþ(OCO) ground

electronic state and that at least 8% of the ions are vibrationally excited. This

value is only a lower limit because vibrationally excited molecules may also

absorb at 15,801 cm�1 and photodissociate. The major drawback to the

depletion experiment is that we are trying to observe a small decrease in the

fragment ion signal, which is not particularly large or stable. Obtaining good

signal-to-noise ratio thus requires extensive signal averaging, limiting the

number of data points we can measure. An enhancement experiment, in

2400238023602340

Energy (cm–1)

V
+
(CO2)5

CO2

Figure 11. Infrared resonance enhanced photodissociation spectrum of Vþ(OCO)5 obtained by
monitoring loss of CO2. The antisymmetric stretch of outer-shell CO2 is near 2349 cm

�1 (the value
in free CO2, indicated by the dashed vertical line). The vibration shifts to 2375 cm�1 for inner-shell
CO2.
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which tuning the IR laser onto a vibrational resonance increases the fragment

ion yield from a near-zero background level would greatly improve the

signal to noise. In order to do this, we first find a electronic transition

originating from n001 ¼ 1. The IR laser is set to excite the OCO antisymmetric

stretch and the visible laser is tuned in the vicinity of the n01 ¼ 0 n001 ¼ 0

band. Figure 13 shows that we observe the n01 ¼ 1 n001 ¼ 1 band at

15,777 cm�1, 24 cm�1 to the red of the 0 0 band. Now, we can measure

the vibrational spectrum with much improved signal-to-noise (and using a

much smaller energy spacing) by setting the visible laser to the

n01 ¼ 1 n001 ¼ 1 electronic transition and tuning the IR laser while

monitoring the fragment ion yield. The resulting vibrational action spectrum

is shown in Fig. 12(b). The resolution of the spectrum is limited only by the

Figure 12. Vibrational action spectra of Vþ(OCO) in the OCO antisymmetric stretch region.

(a) Spectrum obtained by monitoring depletion in the Vþ photofragment produced by irradiation at

the vibronic origin at 15,801 cm�1. The IR absorption near 2391.5 cm�1 removes molecules from

v1
00 ¼ 0, leading to an 8% reduction in the fragment yield. (b) Spectrum obtained by monitoring

enhancement in the VOþ photofragment signal as the IR laser is tuned, with the visible laser fixed at

15,777 cm�1 (the n01 ¼ 1 n001 ¼ 1 transition). The simulated spectrum gives a more precise value

of the OCO antisymmetric stretch vibration in Vþ(OCO) of 2392.0 cm�1.
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IR laser line width. As a result, the spectrum clearly shows P and R branches,

establishing that Vþ(OCO) is linear. The simulated spectrum (dashed line)

gives an improved value for the OCO antisymmetric stretch frequency in the

ground electronic state n001 ¼ 2392.0 cm�1. The simulation assumes a 5�
ground state and uses B00 ¼ B0 ¼ 0.057 cm�1, the value given by our density

functional theory calculations [48]. Because the rotational constants are so

small, the simulated spectrum is not sensitive to B0 or B00, but B0��B00 affects
the relative intensities of the P and R branches, and the separation between the

branches is due to the 12 K rotational temperature of the ions. This is the first

use of vibrationally mediated photodissociation for spectroscopy of an ion.

The n01 ¼ 1 n001 ¼ 1 band lies 24 cm�1 below n01 ¼ 0 n001 ¼ 0, so the OCO

antisymmetric stretch frequency in the excited electronic state is n10 ¼ 2392–

24¼ 2368 cm�1. Table I summarizes the vibrational frequencies of the ground

and excited states of Vþ(OCO) and compares the values to those in CO2.

Electronic excitation of Vþ(OCO) lengthens the metal–ligand bond, resulting

in a smaller blue shift. More generally, based on our calculations [163], the

blue shift in the OCO antisymmetric stretch on binding to Vþ correlates with

the amount of charge transferred to the CO2, which means that this is an

electronic effect, rather than simply a mechanical effect due to the proximity

of the Vþ to the ligand. Larger Vþ(OCO)n clusters have smaller blue shifts

[112], due to longer metal–ligand bonds and less charge transfer to each

ligand.

Figure 13. Photodissociation spectrum of Vþ(OCO), with assignments. Insets and their

assignments show the photodissociation spectrum of molecules excited with one quantum of OCO

antisymmetric stretch, n001 at 2390.9 cm�1. These intensities have been multiplied by a factor of 2.

The shifts show that n01 (excited state) lies �24 cm�1 below n001 (ground state), and that there is a

small amount of vibrational cross-anharmonicity. The box shows a hot band at 15,591 cm�1 that is

shifted by 210 cm�1 from the origin peak and is assigned to the Vþ��OCO stretch in the ground state.
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C. Mode Selective Photodissociation of Vþ(OCO)

Figure 13 shows the photodissociation spectrum of Vþ(OCO) in the visible and

the insets show the photodissociation spectrum of vibrationally excited

molecules containing one quantum of OCO antisymmetric stretch (n1). The
shift between a vibronic band and the corresponding n01 ¼ 1 n001 ¼ 1 sequence

band is �24 cm�1 in each case, indicating that there is little cross-anharmonicity

between n1 and the other vibrations observed. To characterize how the OCO

antisymmetric stretch, OCO bend and metal–ligand stretch and rock affect the

products of photodissociation of Vþ(OCO), we used difference spectra to

measure the relative yield of the nonreactive Vþ (and CO2) versus the reactive

VOþ (and CO) channels at each band assigned in Fig. 13. The results, shown in

Fig. 14, indicate that there is mode selectivity in the reaction. Data <
16,600 cm�1 was obtained from one-photon dissociation. Compared to the

origin band, one quantum of Vþ��(OCO) rock (n50) enhances the reactive

channel, while one quantum of Vþ��(OCO) stretch (n30) or CO2 bend (n40)
slightly decreases it. These results agree with those previously obtained by

Brucat and co-workers [156]. We also find that exciting 3n30 þ n50 enhances
reactivity by �70%, a result that was not reported earlier, presumably due to the

low total dissociation yield for this peak. Brucat and co-workers also observed

vibronic features at 17,000–17,500 cm�1 that lead to VOþ/Vþ branching ratios

of �1.2, showing a trend toward higher VOþ production at higher energy. We

used vibrationally mediated photodissociation to measure how the OCO

antisymmetric stretch vibration n1, alone or in combination with other vibrations,

affects the mode selectivity. We excite the peak of the P branch of n1 at

2390.9 cm�1, and then photoexcite vibrationally excited molecules in the visible.

The VOþ/Vþ branching ratio for these vibronic transitions is shown in the high

energy portion of Fig. 14, where the energy is the total energy of the IR and

TABLE I

Vibrational Frequencies ðcm�1Þ of Vþ(OCO) and CO2

n1 n2
OCO OCO n3 n4 n5

Antisymmetric Symmetric Stretch OCO Vþ��(OCO)
Stretch Stretch Vþ��(OCO) Bend Rock

Vþ(OCO)
Ground 2392.0 210

State

Vþ(OCO)
[15.8] State 2368 1340 186 597 105

(Visible)

CO2 2349.16 1333 667.38
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visible photons. Exciting the OCO antisymmetric stretch enhances the reactive

channel by almost a factor of 3. Exciting combination bands of the

antisymmetric stretch with several other vibrations further increases the VOþ

yield slightly, but combination bands involving the antisymmetric stretch all give

similar branching ratios [163].

The photodissociation and guided ion beam experiments on Vþ(OCO) give
interesting and, at first glance, conflicting results. Photodissociation of

Vþ(OCO) leads to significant amounts of the reactive, spin forbidden VOþ

product, and its yield increases significantly for specific vibrations in the excited

electronic state [156, 163]. On the other hand, collision-induced dissociation of

Vþ(OCO) at energies < 8 eV leads exclusively to spin-allowed Vþ [33]. We

also find that photodissociation in the near IR, near 7000 cm�1 only produces

Vþ [163]. To investigate these observations, we carried out extensive electronic

structure calculations. We first characterized the stationary points on the

Vþ þ CO2 potential energy surface (Fig. 15). The ground state of Vþ is high

spin (5D), and the ground state of the Vþ(OCO) complex is also a quintet.

Triplet OVþ(CO) is the most stable species on the potential energy surface, so

insertion of Vþ into the C��O bond is exothermic. However, there is a

substantial barrier to insertion, that explains why the Vþ þ CO2! VOþ þ CO

reaction does not occur at thermal energies [26]. The transition state to insertion

is tight and quite bent. So, in collision-induced dissociation of Vþ(OCO), the

Figure 14. Mode selectivity in photodissociation of Vþ(OCO). The ratio of the reactive

(VOþ þ CO) to nonreactive (Vþ þ CO2) product is measured at the peaks of the vibronic bands

labeled in Fig. 13. The data below 16,600 cm�1 is from bands accessed by one-photon excitation;

data at higher energy was obtained by vibrationally mediated photodissociation exciting the OCO

antisymmetric stretch.
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Vþ þ CO2 channel dominates as it is spin allowed and occurs via a loose

transition state. In contrast, production of VOþ is spin forbidden and goes via a

tight transition state that lies higher in energy than Vþ þ CO2.

Interpreting the photodissociation experiments requires further calculations

to characterize the ground and excited triplet and quintet states of Vþ(OCO),
and the spin–orbit coupling between the states. We find that there are several

triplet states that cross the excited quintet states accessed in the photodissocia-

tion experiments. These crossings occur at bent Vþ��OCO geometries and

extended Vþ��OCO bond lengths. Also, the excited quintet states have modest

spin–orbit couplings of �90 cm�1 to nearby triplet states [163]. These

observations help to explain the photodissociation results. The photodissocia-

tion spectrum of Vþ(OCO) in the near-IR is broad and poorly resolved [48],

suggesting that dissociation is rapid. This gives little time for the excited quintet

state to convert to triplet states, so quintet Vþ is the only channel observed.

In contrast, the photodissociation spectrum of Vþ(OCO) in the visible shows

vibrational and partial rotational structure. The observed <3.5 cm�1 line width,
indicates excited state lifetimes of at least 1.4 ps. During this time, the

molecules have an opportunity to cross to triplet surfaces, from which they can

dissociate to form VOþ (3�). The calculations also help to explain the observed

mode selectivity. Exciting vibrations that lead to regions of the excited state

potential with higher spin–orbit coupling should enhance production of VOþ.
Triplet states of Vþ(OCO) cross the excited quintet state at long Vþ��OCO bond

lengths and at large Vþ��OCO bend angles. Thus, exciting the Vþ��OCO stretch

(n30) and the Vþ��OCO rock (n50) should enhance VOþ production, as is

Figure 15. Calculated potential energy surface and geometries of intermediates of the

Vþ þ CO2 reaction. The energy of the lowest energy state for the quintet (solid lines) and triplet

(dotted lines) stationary points are shown. Energies are calculated at the CCSD(T)/6-311þG(3df)
level, at the B3LYP/6-311þG(d) geometry and include zero-point energy at the B3LYP/6-311þG(d)
level.
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observed. We also find that exciting the OCO antisymmetric stretch n10 leads to
significant increase in the VOþ product. If Vþ(OCO) dissociated to produce

VOþ þ CO via a spin-allowed, collinear transition state, then the OCO

antisymmetric stretch would be similar to the reaction coordinate, and exciting

n10 should enhance VOþ production. The calculations suggest that the reaction

mechanism is much more complex: The transition states leading to VOþ are not

linear, and second, producing VOþ requires intersystem crossing to the triplet

surface, which is enhanced at nonlinear geometries. Thus, the enhanced

reactivity we observe following excitation of the OCO antisymmetric stretch is

likely due to overall enhancement of VOþ production with increasing energy,

combined with a mode selective effect due to stretching the C��O bond, which is

required for reaction, even at nonlinear geometries.

V. PREREACTIVE COMPLEXES: VIBRATIONAL

SPECTROSCOPY OF Feþ(CH4)n

Most of the third-row transition metal cations react with methane under thermal

conditions to produce MCH2
þ þH2 [164]. The corresponding reactions of

first- and second-row Mþ are endothermic [18]. Even in these cases, bonding in

Mþ(CH4) is not merely electrostatic, but includes significant covalency due to

donation from C��H bonding orbitals into empty or partially empty 4s and 3d

orbitals on the metal, along with back donation into C��H antibonding orbitals.

These interactions weaken the C��H bonds and significantly lower the C��H
stretching frequencies, so vibrational spectroscopy of Mþ(CH4)n entrance

channel complexes reveals the amount of donation and backdonation. For our

first studies [165] of vibrational spectroscopy of these complexes we selected

Feþ(CH4)n. The complexes are easy to produce, and the Feþ þ CH4 reaction is

123-kJ mol�1 endothermic [31, 63, 166], and there is a substantial barrier to

C��H insertion [167] so, at the conditions in our ion source, we should only

produce the entrance channel complex. Later studies will look at vibrational

spectra of the entrance channel complex of the exothermic FeOþ þ CH4

reaction, which is more challenging to produce.

Sequential binding energies of methane to Feþ have been measured by Schultz

and Armentrout using collision-induced dissociation [168] and more recently by

Zhang, Kemper, and Bowers by cluster equilibrium [169]. According to the

equilibrium measurements, the first methane binds by 77 kJ mol�1 and the second
binds by 108 kJ mol�1. Stronger binding of the second ligand is often observed in
electrostatic Feþ complexes. The first excited state of Feþ (3d7, 4F) interacts more

strongly with ligands than the 6D (3d6 4s) ground state, as the 4s orbital is empty,

reducing repulsive interactions. Calculations predict that Feþ(CH4) has a quartet

ground state [169], so its measured binding energy includes the 24 kJ mol�1 Feþ
6D��4F promotion energy. Larger clusters (at least up to n¼ 6) are calculated to
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remain quartets, so this promotion energy is no longer an issue. Binding energies

for the third and fourth methane are much smaller, 23 and 20 kJ mol�1. This large
change in binding energy with cluster size suggests that the binding in these

complexes is not simply electrostatic. We measured the resonance enhanced

dissociation spectra of Feþ(CH4)n (n¼ 3,4) in the C��H stretching region

(Fig. 16). The CH4 binding energies are sufficiently small that absorption of one

Figure 16. Experimental and calculated IR resonance enhanced photodissociation spectra of

Feþ(CH4)3 and Feþ(CH4)4. Experimental spectra were obtained by monitoring loss of CH4.

Calculated spectra are based on vibrational frequencies and intensities calculated at the B3LYP/

6-311þG(d,p) level. Calculated frequencies are scaled by 0.96. The calculated spectra have been

convoluted with a 10-cm�1 full width at half-maximum (FWHM) Gaussian. The D2d and D4h

geometries of Feþ(CH4)4 are calculated to have very similar energies, and it appears that both

isomers are observed in the experiment.
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IR photon leads to dissociation. The Feþ(CH4)3 cluster has an intense absorption

at 2703 cm�1, with smaller peaks at 2648, 2803, 2895, and 3015 cm�1. Compared

to the C��H stretching frequencies in bare CH4 (2917-cm
�1 symmetric stretch and

3019-cm�1 antisymmetric stretch), the large peak is red-shifted > 200 cm�1. The
red shift is smaller in the Feþ(CH4)4 cluster, which has a doublet at 2711/

2737 cm�1 and large peaks at 2838 and 2998 cm�1. Zhang et al. calculated

structures of low lying isomers of Feþ(CH4)n and their binding energies using the

B3LYP method with the 6-31G(d,p) basis on carbon and hydrogen and the TZVP

and augmented Wachter’s basis on iron [169]. For several of the clusters they

identify multiple isomers with similar calculated energies, with the energy

difference depending on the basis set. In principle, the supersonic expansion in

our experiment should cool the molecules to the minimum-energy structure, so

to identify this structure we compare measured and calculated vibrational

spectra. Thus, we reoptimized the geometries and calculated energies and

vibrational frequencies and intensities at the B3LYP/6-311þG(d,p) level.

Calculated frequencies have been scaled by 0.96, which predicts C��H
stretching frequencies for CH4 within 15 cm�1 of experiment. Due to the high

symmetry of the complexes, the calculated vibrational spectra consist of only a

few peaks. The calculated spectrum for Feþ(CH4)3 is in good agreement with

experiment, although it does not reproduce the smaller peak at 2648 cm�1. This
may be due to an isomer in which one of the methanes is even closer to the

metal. For the larger Feþ(CH4)4 cluster, neither of the low energy isomers has a

calculated vibrational spectrum with a doublet near 2700 cm�1. However, the
calculations reproduce the doublet observed at 2711/2737 cm�1 if both the D2d

and D4h isomers are included. Our calculations predict that the D4h isomer is

more stable by a mere 21 cm�1, so the presence of two isomers in the beam is

not unreasonable.

The calculated C��H stretching frequencies are very sensitive to the C��H bond

lengths, which in turn depend on the metal–methane distance. In Feþ(CH4)3 each

methane is bound to the metal in a Z2 configuration. The calculated C��H bond

length rCH is 1.114 Å for hydrogens pointing toward the metal, 0.023 Å longer

than in bare CH4, while rCH¼ 1.089 Å for the hydrogens pointing away from the

metal. In Feþ(CH4)4 the D4h structure has four equal Fe��C bond lengths, with the

proximate C��H bonds extended by 0.017 Å. The D2d isomer has two short and

two longer Fe��C distances; the C��H bonds are extended by 0.019 Å for the

nearer methanes. Zhang et al. note that systematic measurements for many metals,

along with theoretical studies, were required to establish the relative importance

of four factors to binding of Mþ to H2 [169]. These are donation from bonding

orbitals on the ligand to empty 4s and partially empty 3d orbitals on the metal,

backdonation from partially filled 3d orbitals to s* orbitals on the ligand, metal–

ligand repulsion due to partially filled 3d and 4s orbitals, and simple electrostatic

attraction. Systematic studies of the vibrational spectroscopy of Mþ(CH4)n, along
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with thermodynamic measurements, should allow us to characterize metal–

methane bonding in even greater detail.

VI. FUTURE PROSPECTS

Characterizing the potential energy surfaces of an ion molecule reaction requires

using a variety of experimental techniques. The studies described above use

vibrational and electronic spectroscopy as well as photoelectron spectroscopy,

each of which is sensitive to particular features of the potential. Advances in

techniques and equipment are extending the applicability of each of these

techniques. Our current IR laser system is limited to the range of 2100

to >4000 cm�1. Free electron lasers have a much broader tunability down to

�600 cm�1 and outstanding fluences, but they have modest line width and beam

time on these multiuser facilities is limited. Difference frequency mixing in the

new nonlinear optical materials LiInS2 and AgGaSe2 is extending the tunability

of laboratory infrared lasers down to 900 and 600 cm�1, respectively [170]. This
region of the IR spectrum has recently been used in elegant laboratory studies of

vibrational spectra and structure of H3O
þ(H2O)n [79, 80]. Using AgGaSe2 to

obtain light at these longer wavelengths will allow us to directly probe M��OH
and M����CH2 stretches, as well as C����C and C����O stretches and H��C��H bends,

which are beyond the tuning range of our current IR laser. Improved techniques

for vibrational photofragment spectroscopy will also extend the systems that can

be studied. Techniques to measure the vibrational spectra of unperturbed ions

with <1-cm�1 resolution are particularly attractive. Vibrationally mediated

photodissociation is one such method, and we are exploring complementary

methods.

Photoelectron spectroscopy of negative ions has been used to probe the

transition state of neutral reactions [16, 17], so photoelectron spectroscopy of

appropriate neutral complexes could be a powerful tool for studying the

potential energy surfaces of reactions of transition metal cations. As discussed

above, we have measured photoionization efficiencies of FeO, CuO, PtC, PtO,

and PtO2 at the Chemical Dynamics beamline at the Advanced Light Source.

We have also obtained preliminary photoelectron spectra of FeO. These

photoelectron imaging experiments are significantly more challenging as the

source has to produce good yields of the neutral of interest, with excellent

selectivity. Photoelectrons from other neutrals can obscure features from

the molecule of interest. Photoelectron–photoion coincidence experiments

eliminate most interferences, but have far lower signal. Yang and co-workers

have elegantly applied ZEKE photoelectron spectroscopy to studying metal–

ligand complexes with ionization energies <�6 eV [171]. Covalently bound

complexes of late transition metal ions tend to have ionization energies

>8 eV, in the vacuum UV, where current laboratory laser systems have much
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lower fluences. A possible solution to this problem is resonant multiphoton

ionization, where the resonance selects the neutral of interest, and all photon

energies lie <6 eV [172, 173].

Studying photoelectron spectroscopy of intermediates of metal ion reactions

requires synthesizing neutrals with a geometry similar to the ion of interest.

Several third-row transition metal cations react with methane at thermal

energies, but no neutral metal atoms do. However, calculations show that neutral

Pt readily inserts into the C��H bond in methane, producing a H��Pt��CH3

intermediate that lies 1.4 eV below the reactants [174]. It is fairly long lived,

which leads to the observed high termolecular rate for the Ptþ CH4 clustering

reaction [174–176]. We plan to measure the photoionization of H��Pt��CH3,

which would give the energy of this insertion intermediate relative to Ptþ CH4,

as the corresponding value has been measured for the cation [35]. Subsequent

photoelectron spectroscopy of H��Pt��CH3 would measure vibrational frequen-

cies of [H��Pt��CH3]
þ, particularly the Pt��C stretch, complementing vibra-

tional spectroscopy, which is better suited to higher frequency vibrations.
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21. D. Schröder and H. Schwarz, Angew. Chem. Intl. Ed. Engl. 29, 1433 (1990).
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I. INTRODUCTION

For 30 years, intermolecular interactions and half-collision, dissociation

dynamics have been interrogated by stabilizing multiple entities in weakly

bound complexes. These interactions are most often investigated on inter-

molecular potential energy surfaces associated with the species in their ground-

electronic state or with one moiety having electronic and vibrational excitation.

The intermolecular orientations and the energy levels that can be accessed on the

excited sate are dictated by both the Franck–Condon factors and selection rules

for these transitions. Consequently, it is desirable to stabilize ground-state

complexes with different average geometries to interrogate the dependence of

the excited-state interactions and dynamics on the intermolecular orientation and

energetics. This chapter reviews work performed predominantly in our

laboratory that has focused on stabilizing and spectroscopically characterizing

different conformers of the rare gas–dihalogen complexes. Also summarized are

the varying photoinitiated excited-state dynamics that have been and can be

investigated by taking advantage of the different Franck–Condon windows from

the conformers.

The primary objective of studying chemical reaction dynamics is the full

disclosure of the energy-transfer processes that occur between reactants and

products. A critical aspect of this endeavor is revealing the features and contours

of the multidimensional potential energy surfaces (PESs) that dictate the outcome

of the reaction(s) of interest. Understanding the nature of a PES not only serves to

further our understanding of an encounter between a specific set of reactants, but

reveals the roles that the intermolecular interactions have on the overall reaction

mechanism that in turn helps us to expand the knowledge of the more fundamental

dynamical processes underlying the encounter.

A great deal of experimental and theoretical effort has been exerted to

characterize intermolecular PESs for a wide range of atomic and molecular

systems. Much of this effort has involved the inversion of experimental data

obtained from molecular beam scattering experiments [1, 2]. In conjunction

with high-level theoretical methodologies, the scattering and reaction cross-

sections and their dependence on entrance-channel parameters, such as the

internal energies, relative velocities and momenta of the reactants, and the

distribution of final product states have proven to be particularly useful for

developing detailed PESs [3, 4]. In addition to the dependence of chemical

reaction dynamics on the energetics of the reactants in the entrance channel, the

specific interreactant orientations will also dictate probabilities for reaction and
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propensities for forming specific product channels. While there has been a great

deal of success manipulating the energetics of reactive encounters, influence

over the orientations of reactants in the entrance channel has proven to be a

challenge. As a result, the available experimental information regarding the

orientation dependence of reactions is still somewhat limited.

In principle, a convenient way of controlling reactant orientation is to trap

the reactants in a weakly bound, nonreactive complex within a molecular beam

or free-jet expansion [5–9]. Then preferred geometries of the prereactive

complexes with well-defined energies and angular momentum can be accessed

by vibrationally or electronically photoexciting one of the moieties. By doing

so, the use of weakly bound complexes reduces the full-collisional problem to a

much more amenable, half-collision, reaction event, or photodissociation

problem. The stereospecificity and state-selectivity also make them an ideal

venue for studying reaction dynamics, characterizing multidimensional PESs,

and testing various theoretical methodologies. One corresponding limitation in

this methodology was believed to be that the weakly bound complexes tend to

be stabilized only in the lowest energy intermolecular vibrational level, and thus

limited spatial and energy regions of the excited-state PES can be accessed.

Over the past three decades, considerable attention has been paid to the

triatomic complexes, Rg � � �XY, consisting of a rare gas atom, Rg, weakly bound

to a dihalogen chromophore, XY, and a large body of data has been compiled

regarding the structure and dynamics of these systems [10–16]. These

complexes are particularly attractive because they can be subjected to both

detailed theoretical and experimental study. The dihalogens, and thus complexes

containing them, are easily probed using a variety of standard spectroscopic

techniques, including laser-induced fluorescence (LIF), absorption spectro-

scopy, and two-laser, pump–probe action spectroscopy. Also, the structural

simplicity of these triatomic complexes makes them amenable to high level

theoretical calculations, involving both classical dynamics and full quantum-

mechanical treatments. Furthermore, members of this class of weakly bound

complexes exhibit intriguing and varying dynamical behavior during photo-

initiated dissociation that has made them prototypical systems for studying

long-range intermolecular forces, intermolecular PESs, energy redistribution

and unimolecular reaction dynamics.

The most often investigated dynamical process in rare gas–dihalogen

complexes is vibrational predissociation (VP) [14]. During VP a complex is

prepared in an intermolecular vibrational level associated with a specific

vibrational level of the dihalogen most often in an electronically excited state.

The vibrational energy of the excited dihalogen bond is sufficient to rupture the

weak van der Waals bond, and separate rare gas atom and dihalogen molecule

products are formed with varying amounts of translational and orbital energy.

The molecular products also have distributions of vibrational and rotational
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excitation that can be directly measured using established two-laser, pump–probe

spectroscopy [14, 17]. These photodissociation events may then be treated as half-

collision events that begin from preferred orientations on the excited

intermolecular PES.

The mismatch between the high frequency dihalogen bond and the low

frequency intermolecular bond, and the weak coupling of these two modes, gives

rise to interesting VP behavior that cannot be readily described using standard

statistical models [14]. The observed VP rates are much slower than those

predicted by Rice–Ramspergen–Kassel–Marcus (RRKM) theory. Instead, the

restrictions on the observed product states are more readily described using

energy gap arguments, which is itself a signature of nonstatistical behavior.

Deviations from statistical behavior imply that the dynamical attributes of the

internal energy flow play a significant role in determining the VP rates. Within the

scope of unimolecular reaction dynamics, the inherent nonstatistical energy

disposal within these complexes and the competition that may take place between

energy redistribution and fragmentation provide a venue for investigating the

propensities of the complex to break apart via specific photodissociation product

channels. The final distribution of product states associated with each channel

reflects the partitioning of energy over the product degrees of freedom and may

reveal detailed information about the anisotropy of the intermolecular PES and

the strength of the interactions between the initial and final states.

Although the simpler triatomic Rg � � �XY complexes have been the subject of

more extensive experimental and theoretical scrutiny, the higher order

Rgn � � �XY, n� 2, complexes, or ‘‘clusters’’, have also received a great deal

of attention [18–23]. As additional rare gas atoms are complexed with a

dihalogen constituent, multibody interactions and the increasing number of

internal degrees of freedom adds to the complexity of the energy-transfer

processes within the higher order clusters. For example, intramolecular

vibrational energy redistribution (IVR) within the cluster has been shown to

become more prevalent as the sizes of the clusters increase due to the

competition that develops between the increasing number of van der Waals

vibrational modes for energy flow out of the dihalogen moiety [24–26]. It is

well established that by regulating the gas mixture composition and conditions

of the supersonic expansion used to stabilize these complexes the size

distribution of the higher order complexes can be controlled to some extent [27].

This affords the experimentalist with a convenient means of systematically

varying the sizes of the complexes. In general, studying complexes of varying

size and investigating the effects of size evolution on the complexity of the

energy redistribution in these systems could help bridge the gap between state-

specific interactions and macroscopic solvent effects.

It is important to emphasize that while the electronically excited states of the

triatomic and higher order rare gas–dihalogen complexes exhibit so much
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interesting behavior, it is the geometry of the ground-state conformers that

ultimately dictates the excited-state dynamics that can be interrogated. For

vibronic excitation, the Franck–Condon windows associated with different

ground-state configurations provide the access to regions of the excited-state

PESs that may result in different intermolecular interactions and energy-transfer

processes. In this way, the ground-state complexes can themselves be regarded

as precursors or launch states for the reactive excited-state. Therefore, the full

characterization of the excited-state dynamics in these complexes hinges on the

ability to stabilize and excite multiple ground-state conformers. Finally, it is

highly desirable to have control over the populations of the different ground-

state conformers that are stabilized in an expansion so that each can be

preferentially investigated.

This chapter describes work done by our research group aimed at stabilizing

and investigating the different conformers of ground-state Rg � � �XY complexes

and how these populations can be manipulated. Specifically, Section II contains an

overview of the geometries and spectroscopy of the different ground-state

conformers of rare gas–dihalogen complexes, Rgn � � �XY, n� 1, focusing

primarily on the Hen � � �ICl and Hen � � �Br2 systems. Section III describes the

techniques used to stabilize multiple ground-state conformers, paying particular

attention to the effects of varying the expansion conditions on the relative

abundances of the conformers. Also, the possible population-transfer mechanisms

and the notion of the different ground-state conformers existing in a

thermodynamic equilibrium are discussed. Section IV presents results of work

aimed at characterizing the vibrational dissociation dynamics of several rare gas–

dihalogen complexes and gives an overview of the ongoing work using multiple

conformers to characterize the dissociation dynamics of these systems on

different regions of the excited-state intermolecular PESs.

II. GEOMETRIES OF RARE GAS–DIHALOGEN COMPLEXES

A. Historical Overview of Triatomic Rare Gas–Dihalogen Interactions

Early experimental spectroscopic investigations on Rg � � �XY complexes

resulted in contradictory information regarding the interactions within them

and their preferred geometries. Rovibronic absorption and LIF spectra revealed

T-shaped excited- and ground-state configurations, wherein the Rg atom is

confined to a plane perpendicular to the X��Y bond [10, 19, 28–30]. While these

results were supported by the prediction of T-shaped structures based on pairwise

additive Lennard–Jones or Morse atom–atom potentials, they seemed to be at

odds with results from microwave spectroscopy experiments that were consistent

with linear ground-state geometries [31, 32]. Some attempts were made to justify

the contradictory results of the microwave and optical spectroscopic studies, and
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it became somewhat accepted that there were inherent limitations in the two

techniques that precluded each from observing transitions of both conformers.

One well-accepted thesis, which is illustrated in Fig. 1, was that the potential

wells for the T-shaped conformer are similar in both the ground and excited

electronic states resulting in favorable Franck–Condon factors for their optical

transitions. The electronic excitation increases the antibonding character of the

dihalogen, however, and the intermolecular interactions in the excited state will

be weaker and perhaps purely repulsive. Thus, transitions of the linear ground-

state configuration were believed to access purely repulsive regions of the

excited-state potential [14].

In 1993, Gerry and co-workers published results of a microwave study on

Ar � � �Cl2 that presented evidence of the T-shaped conformer and no indication

of complexes with a linear geometry [33]. The authors speculated that the

T-shaped conformer was energetically more stable than the linear conformer

and due to the low temperatures achieved in the expansion, the linear complexes

were not abundant and could not be spectroscopically observed. That same year,

the Klemperer group reported optical transitions of both the linear and T-shaped

Ar � � �I2 conformers in the I2 B��X spectral region [34]. Discrete features

ascribed to transitions of the T-shaped complex were evident in the rovibronic

spectrum, and the authors ascribed a continuum signal spanning the entire B��X
region to transitions of the linear conformer accessing a broad region on the

excited-state potential. The compound Ar � � � I2 became the first system for

Figure 1. Schematic of the radial cuts of the ground- and excited-state potential energy

surfaces at the linear and T-shaped orientations. Transitions of the ground-state, T-shaped complexes

access the lowest lying, bound intermolecular level in the excited-state potential also with a rigid

T-shaped geometry. Transitions of the linear conformer were previously believed to access the purely

repulsive region of the excited-state potential and would thus give rise to a continuum signal. The

results reviewed here indicate that transitions of the linear conformer can access bound excited-state

levels with intermolecular vibrational excitation.
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which the experimental evidence confirmed the co-existence of the T-shaped

and linear conformers in the expansion and for the next 10 years it would stand

as the only example of such a system.

The absence of discrete features in the rovibronic spectra attributable to each

of the different ground-state conformers of the Rg � � �XY complexes was

problematic. During the latter part of the 1990s there were questions regarding

the utility of these complexes as models for future studies of unimolecular

reaction dynamics and intermolecular energy transfer. Specifically, the rotational

contours of the T-shaped features are consistent with transitions accessing

regions of the excited-state intermolecular potential associated with T-shaped or

near T-shaped geometries. As a consequence, the experimental data characteriz-

ing the multidimensional PESs in the ground and excited electronic states of

Rg � � �XY complexes were limited. These experimental shortcomings became

particularly apparent as computational methods improved and became more

powerful. Several high-level ab initio treatments of the Rg � � �XY ground-state

intermolecular PESs indicated the existence of minima in the T-shaped and linear

configurations, with the global minimum being in the linear configuration

[35–37]. These theoretical results contradicted the early descriptions of the

potentials based on Lennard–Jones and Morse pairwise-additive potentials,

which supported the existence of the T-shaped conformer, but due to lack of

observable linear rovibronic transitions they could not be experimentally verified.

B. Rovibronic Spectroscopy of He � � �ICl and He � � �Br2
While conducting research on the He � � �ICl complex, our group observed two

previously unreported features in the ICl B��X, 3–0 LIF spectrum at 17,835 and

17,842 cm�1, which are each�11 cm�1 to higher energy from the well-known T-

shaped bands of He � � � I37Cl and He � � �I35Cl, respectively [38]. Spectra recorded
by varying the backing pressure used to stabilize the complexes in the expansion

indicated that all of the observed features could be associated with transitions of

I35Cl or I37Cl molecules or He � � �ICl complexes with only one He atom. Spectra

were also recorded in the ICl B��X, 2–0, and 1–0 regions and similar features

were observed in both. An LIF spectrum recorded in the 2–0 region is shown in

Fig. 2(a). Since the T-shaped He � � � I37Cl band overlaps the very intense I35Cl

monomer band in this region, only the T-shaped He � � �I35Cl and the two higher

energy features are observed. In all of the LIF spectra, the intensity of the two

newly observed bands is �3:1 with the highest energy band being the more

intense feature. This is precisely the ratio for the abundance of I35Cl in

comparison to I37Cl, suggesting that the two bands contain I35Cl and I37Cl.

In addition to LIF spectra, action spectra of He � � �I35Cl and He � � � I37Cl were
recorded to minimize the spectral congestion attributed to transitions of the

different isotopomers and other molecular species. The action spectrum recorded

in the ICl B��X, 2–0 region obtained with the probe laser fixed on the rotational
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band head of the I35Cl E��B, 10–1 is shown in Fig. 2(b). Similar spectra were also

recorded with the probe laser fixed on I37Cl E��B transitions. All of the features

observed in the LIF spectrum are assignable to transitions of I35Cl or I37Cl

molecules or to transitions of I35Cl or I37Cl containing complexes. The rotational

structures of the higher energy features are broader and more complicated than

the previously characterized T-shaped He � � � I35Cl and He � � �I37Cl bands.

Simulations of the rotational contour of the highest energy band were performed

assuming that this band is associated with transitions of He � � � I35Cl. While these

rigid-rotor simulations consistently underestimated the observed number of

rotational lines, a linear ground-state geometry, either He � � �I��Cl or He��Cl��I,
seemed necessary to reproduce the overall shape of the band [38].

Ultimately, it was the strong agreement between He � � �I35Cl excitation

spectra calculated by McCoy and co-workers and experimental He � � � I35Cl
action spectra, such as shown in Fig. 2(b), that corroborated the proposed

assignments of the newly observed He � � �ICl features in the spectra [39, 40].

Figure 2. Laser-induced fluorescence and action spectra acquired in the ICl B��X, 2–0 spectral

region. The LIF spectrum, panel (a), is dominated by the intense I37Cl and I35Cl transitions at lower

energies. Features associated with transitions of the T-shaped He � � � I35ClðX; v00 ¼ 0Þ and linear

He � � � I37ClðX; v00 ¼ 0Þ and He � � � I35ClðX; v00 ¼ 0Þ conformers are observed to higher energy and

are �100 times weaker than the monomer features. The action spectra, (b), was recorded by probing

the I35Cl E��B, 10–1 transition, or the �v ¼ �1 vibrational predissociation channel.
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The higher energy features can indeed be associated with transitions of

He � � �ICl(X,v00 ¼ 0) ground-state complexes with rigid He � � �I��Cl linear

geometries. In contrast to the T-shaped band that is associated with transitions

to the most strongly bound intermolecular vibrational level in the excited state

without intermolecular vibrational excitation, n0 ¼ 0, the transitions of the linear

conformer access numerous excited intermolecular vibrational levels, n0 � 1.

These levels are delocalized in the angular coordinate and resemble hindered

rotor levels with the He atom delocalized about the I35Cl molecule.

Features associated with transitions of both T-shaped and linear conformers

were also observed in rovibronic spectra of the He � � �Br2 complex [41]. The

feature now attributed to transitions of the linear He � � �79,79Br2(X,v00 ¼ 0)

conformer was observed previously in the Br2 B��X, 8–0 region [42], but initial

simulations of the feature using a rigid-rotor model could not satisfactorily

reproduce the observed rotational contour. It was speculated that this feature

could be associated with transitions of the ground-state, T-shaped complex to an

excited-state level with bending excitation. Subsequent theoretical efforts aimed

at accurately calculating the rovibronic spectrum of He � � �79,79Br2 complex

revealed two ground-state conformers and showed that the higher energy feature

is comprised of rovibrational lines associated with transitions of both the linear

and T-shaped conformers [41, 43, 44].

The overall appearance of the linear He � � �79,79Br2 feature and the similar shift

to higher transition energies from the monomer and the T-shaped band resemble

those of the linear He � � �I35Cl feature. Both LIF and action spectra of He � � �Br2
were recorded at varying downstream distances to determine if the features can be

associated with transitions of different ground-state complexes [41]. The

intensities of the two features did not scale together with cooling. A transfer of

population from the T-shaped conformer to the species giving rise to the higher

energy feature, presumably the linear He � � �79,79Br2(X,v00 ¼ 0) ground-state

conformer, was observed as spectra were recorded further downstream, and

thus in colder regions of the expansion. Calculations of the He � � �79,79Br2
excitation spectrum in the Br2 B��X, 12–0 region and the strong agreement of

those results with the experimental spectra provided more conclusive evidence for

the proposed assignment. Just as with the case of He � � � ICl, the calculations

indicate that transitions of the linear He � � �Br2(X,v00 ¼ 0) conformer access

multiple excited-state levels, n0 � 1, that have the He atom delocalized in the

angular coordinate relative to the dihalogen axis.

The angular-dependent adiabatic potential energy curves of these complexes

obtained by averaging over the intermolecular distance coordinate at each

orientation and the corresponding probability distributions for the bound

intermolecular vibrational levels calculated by McCoy and co-workers provide

valuable insights into the geometries of the complexes associated with the

observed transitions. The Heþ IClðX; v00 ¼ 0Þ and Heþ IClðB; v0 ¼ 3Þ adia-

batic potentials are shown in Fig. 3 [39]. The abscissa represents the angle, y,
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between the intermolecular and I��Cl bonds, with y¼ 0� corresponding to the

linear He � � �I��Cl geometry, and the ordinate is the energy relative to the

dissociation asymptote of the complex. Plots of the J¼ 0 He � � �I35Cl probability
amplitudes for the lowest energy intermolecular vibrational levels in the X-state,

n00 ¼ 0 and 1, and B-state, n0 ¼ 0-4, are superimposed on the potentials, with

zero amplitude corresponding to the energy of that level. The ground-state

probabilities strongly suggest that the n00 ¼ 0 and 1 levels can be associated with

the fairly rigid linear and T-shaped He � � �ICl(X,v00 ¼ 0) conformers, respectively.

The calculations of the rovibronic spectra verify that the T-shaped He � � �ICl
features in the LIF and action spectra can be associated with n0 ¼ 0 n00 ¼ 1

Figure 3. (a) The Heþ ICl(X,v00 ¼ 0) and (b) Heþ ICl(B,v0 ¼ 3) intermolecular adiabatic

potential energy curves calculated as a function of y, the angle of He about the I��Cl axis. The
probability densities for the two lowest He � � � I35ClðX; v00 ¼ 0Þ intermolecular vibrational levels,

n00 ¼ 0 and 1, with experimental binding energies of D000
ðLÞ ¼ 18:3 and D000

ðTÞ ¼ 15:2 cm�1,
respectively, are localized in the linear and T-shaped regions of the ground-state intermolecular

potential. The probability densities of the n0 ¼ 0–3 intermolecular vibrational eigenstates are

superimposed on the potential in (b). Adapted from Ref. [62].
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transitions, in agreement with the previous assignment of transitions of a rigid

T-shaped complex to an excited-state level also with a rigid T-shaped geometry

[45–49]. The calculations also indicate that the higher energy features can be

associated with transitions of the linear, ground-state conformer to levels with

intermolecular vibrational excitation, n0 � 1 n00 ¼ 0. The calculated spectra

were obtained using an ab initio PES for the Heþ IClðX; v00 ¼ 0Þ ground state

[50] and a simple pairwise additive potential for the He þ IClðB; v0 ¼ 0Þ
excited state [48]. Just by scaling the published He��I and He��Cl Morse

potential interactions each by a factor of 1.11 an even better agreement

between the calculated and experimental spectra was obtained so that

assignment of each of the observed lines could be made and the binding

energies of the excited-state levels could be determined [51]. An LIF spectrum

recorded in the ICl B��X, 3–0 region and the corresponding theoretical

excitation spectrum associated with the experimentally measured rotational

temperature of 0.2 K are shown in Fig. 4. The R(0) rotor lines for the

n0 ¼ 2; 3; 4 n00 ¼ 0 transitions are labeled to emphasize the spectral overlap

Figure 4. Experimental laser-induced fluorescence, upper plot, and calculated spectra, lower

plot, of the linear He � � � I35Cl feature in the ICl B��X, 3–0 region. An I35Cl(X,v00 ¼ 0) rotational

temperature of 0.19 K was measured for the experimental spectrum, and a temperature of 0.20 K was

used in the calculations. Adapted from Ref. [51].
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within this feature and the energy spacings between the excited-state

intermolecular vibrational levels.

The McCoy group also undertook calculations of the Heþ Br2 interactions

and excitation spectra. For this work, they generated a new Heþ Br2(X,v
00 ¼ 0)

ab initio ground-state intermolecular PES at the CCSD(T) level of theory and

used a diatomics in molecules PES for the Heþ Br2(B,v
0 ¼ 12) excited-state

interactions. Again the geometries of the lowest lying intermolecular vibrational

levels are easily recognized when considering the angular-dependent adiabatic

potential curve with the probability densities of the intermolecular vibrational

levels superimposed, Fig. 5. The two lowest energy intermolecular levels in the

Figure 5. (a) The Heþ Br2(X,v
00 ¼ 0) and (b) Heþ Br2(B,v

0 ¼ 12) adiabatic potential energy

curves calculated as a function of y, the angle of He about the Br��Br axis. The probability densities

for the two lowest He � � � 79,79Br2(X,v00 ¼ 0) intermolecular vibrational levels, n00 ¼ 0; 1 and n00 ¼ 2,

with experimental binding energies of D000
ðLÞ ¼ 17:0 and D000

ðTÞ ¼ 16:6 cm�1, respectively, are

localized in the linear and T-shaped regions of the ground-state intermolecular potential. The

excited-state probability densities are also included, and in both plots the probability amplitudes

localized in the linear wells are plotted with solid lines, those localized in the T-shaped minimum

with dashed lines, and the free rotor states are plotted with dotted lines to differentiate between

orientations of the levels. Adapted from Ref. [41].
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ground-state, panel (a), represent the symmetric and antisymmetric linear

combinations of the two levels that have the helium atom localized in the linear

wells along the Br��Br axis near either of the Br atoms, n00 ¼ 0,1. The next

lowest energy level, n00 ¼ 2, corresponds to the helium atom being localized in a

T-shaped configuration, relative to the Br��Br bond. Again, because of the

localization of these probability densities, the n00 ¼ 0,1 and n00 ¼ 2 levels can be

considered different conformers of the ground-state He � � �Br2(X,v00 ¼ 0)

complex. Similar to the He � � �ICl system, for He � � �Br2 it was found that the

T-shaped feature consists of n0 ¼ 0 n00 ¼ 2 transitions, while the higher

energy linear feature consists of n0 � 1 n00 ¼ 0; 1 transitions.

The action spectrum recorded in the 79,79Br2 B–X, 12–0 region and

associated with a 79,79Br2(X,v
00 ¼ 0) rotational temperature of 0.28 K is plotted

in Fig. 6. While the theoretical spectrum qualitatively reproduced the experi-

mental spectrum, we chose to slightly shift the binding energies of the n0 levels
and use the resulting modified spectrum, lower plot in Fig. 6, to make assignments

of the lines in the experimental spectrum. From these assignments, energies of the

excited-state levels were directly obtained [41].

Figure 6. (a) Experimental laser-induced fluorescence, upper plot, and calculated spectra,

lower plot, of the linear He� � �79,79Br2 feature in the Br2 B��X, 12–0 region. A 79,79Br2(X,v
00 ¼ 0)

rotational temperature of 0.28 K was measured for the experimental spectrum, and this temperature

was used in the calculations. Adapted from Ref. [41].
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Our group has continued to examine several other rare Rg � � �XY systems,

and a list of the experimental and theoretical T-shaped and linear binding

energies of these complexes is presented in Table I [52–55,57]. The general

features and characteristics of the spectra for all of the complexes investigated

are similar to those observed in the spectra for the He � � �ICl and He � � �Br2
systems. The linear features are observed to higher transition energies than the

T-shaped features. In contrast to the rather simple rotational structure of the

T-shaped features, the linear features possess much broader and structured

TABLE I

Binding Energies of Rare Gas–Dihalogen Complexes for Which Linear Isomers Have Been

Reported

Vibronic Geometry Binding Energy Reference Binding Energy Reference

State (Exp.)/cm�1 (Theory)/cm�1

He� � �I35Cl
X(v00 ¼ 0) Linear 22.0(2) 39 18.29 50

T-shaped 16.6(3) 39 15.14 50

Antilinear � � � 12.33 50

B(v0 ¼ 2) T-shaped 16.3(6) 39

B(v0 ¼ 3) T-shaped 16.2(6) 51 13.3 49

He� � �79Br2
X(v00 ¼ 0) Linear 17.0(8) 41 16.46 41

16.6(8), 41

T-shaped 17.0(1.5) 52 15.81 41

B(v0 ¼ 12) T-shaped 12.7(8), 41

13.1(1.5) 41 13.42 41

Ne� � �I35Cl
X(v00 ¼ 0) Linear 84(1) 55 76.19 50

T-shaped 70(5) 55 62.59 50

Antilinear � � � 53.73 50

B(v0 ¼ 2) T-shaped 65(5) 55

He� � �I2
X(v00 ¼ 0) Linear 16.3(6) 53 15.38 54

T-shaped 16.6(6) 53 14.68 53

B(v0 ¼ 23) T-shaped 12.8(6) 53

Ne� � �I2
X(v00 ¼ 0) Linear 72(3) 38.8 15

T-shaped 64.3–66.3, 56 58.454 15

72.4–74.7

B(v0 ¼ 34) T-shaped 56.6–58.6, 56 58.363 15

65.0–67.1

Ar� � �I2
X(v00 ¼ 0) Linear 250(2) 57 237.8 58

T-shaped 234.2–240.1 29 212.0 58

B(v0 ¼ 30) T-shaped 220.0–226.3 29 223(3) 59
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contours, often due to overlap of adjacent intermolecular bands. For all of the

complexes, the results are consistent with the observation of transitions of

the ground-state, T-shaped conformer to the lowest lying intermolecular level in

the excited state, also with a rigid T-shaped geometry. The transitions of the

ground-state, linear conformer access higher lying intermolecular levels that are

often delocalized in the angular coordinate.

C. Spectroscopy and Geometries of Higher Order Rare Gas–Dihalogen
Complexes: Rgn � � �XY, n� 2

The early work by Levy and co-workers indicated that the Hen � � �I2, n¼ 2,3 [28],

Nen � � �I2, n¼ 1–6 [18], and HemArn � � �I2 [19] complexes have ground-state

geometries in which all the rare gas atoms are localized in plane perpendicular

to the dihalogen bond, in a so-called ‘‘toroidal’’ or ‘‘belt’’ configuration.

Furthermore, they were able to establish useful guidelines for identifying

rovibronic features in the visible excitation spectrum associated with higher

order clusters [19]. First, there is a strong propensity for higher order Rgn � � �XY
complexes to dissociate into dihalogen products with n less vibrational quanta.

This propensity breaks down for complexes containing argon, for which the

large excited-state binding energies require multiple vibrational quanta from

the dihalogen moiety to rupture a single van der Waals bond. Due to the

anharmonicity of the dihalogen potential, it can also break down for complexes

prepared in levels associated with high v0 for which some of the product channels

may not be energetically accessible. This trend, however, does hold quite well for

Hen � � �XY and Nen � � �XY complexes. Second, the transition energies of the

features in the excitation spectrum follow a band-shift rule [19]. This rule states

that the transition energy of a Rgn � � �XY complex is given by E¼ E0þ n�E,

where E0 is the band origin of the bare dihalogen molecule, and�E is a constant

energy shift that represents the difference in the binding energies of the ground-

and excited-state Rg � � �XY complexes.

Subsequent experimental and theoretical studies of other higher order

clusters, such as Nen � � �Br2, n¼ 2,3 [20], Nen � � �Cl2, n¼ 2,3 [21], and Nen � � �
ICl, n¼ 1–5 [60], yielded similar results. The rotational contours ascribed to

the higher order features in the B��X, v0��0 spectral region resemble those of

the Rg � � �XY complexes, typically exhibiting an R-band head and a P-branch

extending to lower energy. Such a contour has been shown to be consistent

with the toroidal configuration. Analyses of rotationally resolved B��X bands

of Ne2 � � �Cl2 and Ne3 � � �Cl2 complexes using a rigid-rotor asymmetric top

model revealed that Ne atoms localized within such a toroidal potential

occupy equivalent positions [21]. Based on the band-shift rule the authors

concluded that Ne2 � � �Cl2 possesses a distorted tetrahedron geometry and the

Ne3 � � �Cl2 complex is planar, with all three neon atoms confined to a plane

perpendicular to the Cl��Cl bond. In contrast, high-resolution studies of the
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He2 � � �Cl2 complex indicated that the weakly interacting He atoms are

delocalized with a large amplitude motion around the toroidal potential, and

the concept of an average geometry is no longer valid [22]. For the Ar3 � � �Cl2
system, Janda and co-workers observed evidence for the existence of two

ground-state conformers [61]. One conformer has a toroidal configuration, and

the other has the argon atoms forming a triangle parallel to the Cl��Cl bond
axis.

Transitions from ground-state Rgn � � �XY intermolecular vibrational levels

with toroidal geometries access the lowest lying level(s) in the excited state.

Consequently, the predissociation dynamics are limited to this one spatial and

energetic region on the intermolecular PES. Like the triatomic rare gas–

dihalogen complexes, the capacity to access different regions on the excited-

state intermolecular PES through transitions of multiple ground-state con-

formers may prove beneficial to more complete characterization of the

photodissociation dynamics. Of particular interest, is the nature of energy

partitioning into intermolecular modes possessing different symmetries and the

efficiencies of the modes for energy redistribution within the complex. Also, due

to the presence of multiple rare gas atoms and the multibody interactions in

larger complexes, interesting dissociation dynamics may be observed when

accessing highly delocalized intermolecular bending levels.

Motivated in part by our progress in stabilizing different conformers of the

triatomic Rg � � �XY ground-state complexes, we have recently applied similar

experimental techniques to interrogate the Hen � � � ICl and Hen � � �Br2, n� 2

complexes with varying ground-state geometries [62]. Action spectra of the

Hen � � �I35Cl and Hen � � �79,79Br2 complexes were recorded with the probe laser

fixed on transitions that would detect the nascent monomer population in the

�v0 ¼ �1, �2, and �3 dissociation channels. These spectra were collected

using varying helium backing pressures and with the lasers intersecting the

expansion at different downstream distances in order to preferentially

interrogate clusters with varying sizes and perhaps geometries. For clarity, we

will use the notation (#T,#L)Rgn � � �XY to denote the geometry of the ground-

state conformers. Here, #T denotes the number of rare gas atoms localized in the

toroidal potential well lying in a plane perpendicular to the dihalogen bond, that

is, in the T-shaped position, and #L indicates the number of Rg atoms localized

in the linear well.

The three Hen � � �79,79Br2 action spectra plotted in Fig. 7 were recorded with

the probe laser fixed on the rotational band head of the 79,79Br2 E��B, 1–11
transition [61]. In panel (a), the excitation laser is scanned through the Br2 B��X,
12–0 spectral region. Since intermolecular vibrational levels in the Heþ Br2
(B,v0 ¼ 12) potential preferentially undergo VP via a �v0 ¼ �1 mechanism

forming Heþ Br2(B,v
0 ¼ 11) products, this spectrum will be sensitive to

transitions of He � � �79,79Br2 complexes. As expected, the features associated

with transitions of the ground-state, T-shaped and linear He � � �79,79Br2
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(X,v00 ¼ 0) conformers, denoted as (1,0)He � � �Br2 and (0,1)He � � � Br2, dominate

the spectrum.

The spectrum plotted in Fig. 7(b) was recorded in the Br2 B��X, 13–0 region.

This spectrum should preferentially detect transitions of He2 � � �79;79 Br2

Figure 7. Action spectra recorded by fixing the probe laser on the rotational band head of

the 79,79Br2 E��B, 1–11 transition and scanning the excitation laser through (a) the Br2 B��X, 12–0,
(b) the B��X, 13–0, and (c) the B��X, 14–0 spectral regions. The (#T,#L) labels indicate where each of
the helium atoms for the ground-state conformer associated with each observed feature. Adapted

from Ref. [62].
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complexes since He2 � � �79;79 Br2(B,v0¼13) complexes tend to dissociate via a

�v0 ¼ �2 mechanism forming 2Heþ 79,79Br2(B,v
0 ¼ 11) products. Note that

the He2 � � � 79;79Br2 features are also present in this spectrum since collisions

between He atoms and the 79,79Br2(B,v
0 ¼ 12) products formed via VP of

He � � � 79;79Br2(B,v0 ¼ 13) complexes during the temporal delay between the

pump and probe laser pulses, 20–50 ns, can result in vibrational relaxation down

to the 79,79Br2(B,v
0 ¼ 11) level. Furthermore, a fraction of the He � � � 79;79Br2

(B,v0 ¼ 13) excited-state complexes can also undergo a �v¼�2 dissociation

process forming Heþ 79,79Br2(B,v
0 ¼ 11) products.

Nevertheless, the band-shift rule can be used to identify the geometries of

each of the He2 � � �79;79 Br2ðX; v00 ¼ 0Þ conformers. Since the T-shaped

He � � �79;79 Br2 feature associated with transitions of the (1,0)He � � �Br2
conformer is observed at �þ4 cm�1 from the 79,79Br2 monomer band origin,

a feature associated with transitions of the (2,0)He � � �Br2 conformer, will appear

at an additional approximately þ4 cm�1 to higher transition energy. Thus, the

feature at about �þ8 cm�1 from the monomer band origin is assigned to

transitions of the (2,0)He� � �Br2 conformer. Similarly, the addition of a He atom

to the linear (0,1)He � � �Br2 conformer in the T-shaped well would produce a

(1,1)He � � �Br2 complex, and transitions of it are observed at approximately

þ4 cm�1 from the linear band or at approximately þ14 cm�1 from the monomer

band origin.

The action spectrum plotted in Fig. 7c was recorded in the Br2 B��X, 14–0
region. Features associated with transitions of He3 � � �79;79 Br2 complexes are

expected to become prominent in this spectrum since the �v0 ¼ �3 product is

being probed. Again following the band-shift rule the features associated with

transitions of the (3,0)He � � �Br2 and (2,1)He � � �Br2 conformers are observed at

about þ4 cm�1 from the (2,0)He � � �Br2 and (1,1)He � � �Br2 features. Since the

(0,1)He � � �Br2 feature is shifted by about þ10 cm�1 from the monomer band

origin, and the (1,1)He � � �Br2 feature is found at about þ14 cm�1, the weak

feature observed at about þ24 cm�1 is tentatively attributed to transitions of the

(1,2)He � � �Br2 ground-state conformer.

Similar action spectra have been recorded in the ICl B��X, v0–0 region to

identify features associated with transitions of the different (#T,#L)He � � � ICl
ground-state conformers [62]. Due to the limited number of bound ICl(B,v0)
vibrational levels, v0 ¼ 0–3, the relatively weak ICl E��B, v{–v0 transition

strengths for low vibrational quanta in both states, and the spectral congestion

in the region of the probe transitions, information concerning complexes larger

than Hen � � � ICl is limited. Nevertheless, features associated with transitions of

the higher order (2,0)He � � � ICl, (1,1)He � � � ICl, (3,0)He � � � ICl, and (2,1)

He � � � ICl conformers were identified by acquiring actions spectra with the

probe laser tuned to the appropriate ICl E��B, v{��v0 transitions and using the

band-shift rule.
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III. Preferential Stabilization of Different Conformers of the Rare

Gas–Dihalogen Complexes

While the concept of stereoisomers is commonly accepted for molecules, a

corresponding definition at the quantum-mechanical level has not yet been

formalized [63, 64]. A qualitative description of stereoisomers is often associated

with a compound comprised of molecules that have the same number, kind, and

connectivity of atoms, but differ in their spatial orientation. The quantum

mechanical interpretation of this definition is that the PES characterizing a

compound has multiple minima located at different structural orientations. If the

wave function of the compound in a specific quantum state is localized in a

minimum with negligible amplitude outside of that region, and if another state is

localized in a different minimum, then the compound is said to have at least two

stereoisomers. The concept of stereoisomers of van der Waals complexes is even

harder to accept since the interactions are dominated by long-range electrostatic

forces and, as a result, the moieties are typically weakly bound with significant

zero-point motion. Consequently, van der Waals complexes are often found to be

floppy with wave functions spanning wide regions of the PES, sampling varying

intermolecular geometries and structures.

An examination of Figs. 3a and 5a reveals that the probability amplitude

of the two lowest lying intermolecular vibrational levels, n00 ¼ 0 and 1, in the

Heþ ICl(X,v00 ¼ 0) potential and the three lowest levels, n00 ¼ 0–2, in the

Heþ Br2(X,v
00 ¼ 0) potential are well localized in different angular regions of

the potential. The Heþ I35Cl(X,v00 ¼ 0) and Heþ 79Br2(X,v
00 ¼ 0) potentials

each have an appreciable barrier, �11 and �10 cm�1, respectively, between
the T-shaped and linear wells, and in both cases >99% of the linear

(T-shaped) probability amplitudes are found in the linear (T-shaped) wells.

Thus, these results suggest that complexes localized in the T-shaped and

linear regions of the intermolecular PES can be regarded as distinct

stereoisomers, or conformers, of the complex. Since these two states

represent distinct conformers, the conversion of T-shaped complexes into

the linear form cannot be attributed to simple cooling of the intermolecular

vibrational levels, and mechanisms must exist to bring about the isomeriza-

tion of the complexes.

In 1999, the Klemperer group published experimental results from a dispersed

fluorescence study of the linear and T-shaped Ar � � � I2ðX; v ¼ 0Þ conformers to

obtain information about the X- and B-state potentials of the complex and to gain

insight into the photodissociation dynamics in the B electronic state [65]. In

carrying out their analysis, they assumed that the linear and T-shaped conformers

existed in a thermodynamic equilibrium, with the abundance of the linear

conformer being three times that of the T-shaped conformer. In an effort to test

the validity of the thermodynamic hypothesis Bastida, et al. [66], performed a
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molecular dynamics simulation of the isomerization of Ar � � � I2ðX; v00 ¼ 0Þ
complexes implementing the same expansion conditions used by the Klemperer

group. The collision-induced population transfer between the linear and

T-shaped Ar � � � I2ðX; v00 ¼ 0Þ conformers was studied as a function of distance

downstream from the nozzle orifice. The results revealed a strong agreement

between the populations at each distance and those predicted using thermo-

dynamics. The authors posited that kinetic effects do not play a significant role in

the isomerization of the complex and that the populations of the conformers are

under thermodynamic control. Despite the significant barrier between the two

conformers, �100 cm�1, the simulation showed that isomerization could occur

at collision energies of only a few wave numbers, and the authors proposed an

exchange, or ‘‘swap cooling,’’ mechanism to an explain these results. The

concepts of a thermodynamic equilibrium and the collisional isomerization of

the ground-state conformers are central to this chapter, and they will be

addressed in greater detail in the next section.

A. Stabilization of Linear Rg � � �XY Triatomic Complexes:

He � � � IClðX; v00 ¼ 0Þ and He � � �Br2ðX; v00 ¼ 0Þ
In initial work performed in our laboratory on He � � � ICl, changes in the relative

intensities of the T-shaped features and linear features were observed with

varying backing pressures [38]. At lower helium backing pressures, the T-shaped

features were much more intense than the higher energy features, but at much

higher pressures, �65 psi, the higher energy features became more intense than

the T-shaped bands. The localization of the T-shaped and linear probability

amplitudes in the ground-state PES and the changes in the relative intensities of

these features with varying gas density and collision frequency indicated that it

was possible to manipulate the expansion conditions to control the relative

abundances of the He � � � ICl ground-state conformers formed in the expansion.

Furthermore, the relative populations of the conformers are not governed by the

rates of formation of the different conformers, that is, under kinetic control,

rather the system may proceed toward thermodynamic equilibrium. In order to

address the notion of a thermodynamic equilibrium and to determine if the

populations can be controlled, we carried out a detailed investigation of the

He � � � ICl signal dependence on source conditions by systematically recording

LIF spectra at several distances downstream from the nozzle orifice and using

different He backing pressures [39, 67].

The relative intensities of the T-shaped and linear He � � � ICl features in the

LIF and action spectra have a strong dependence on the downstream distance

where the spectra are recorded, and thus on local temperature [39, 67], as is

evident in Fig. 8. A shift by a factor of �20 in intensity from the T-shaped to the

linear He � � � I35Cl feature was observed as the downstream distance was varied

when using a He backing pressure of 155 psi. While precise Franck–Condon
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factors are not known for these transitions, it is clear that a significant change in

the relative populations of the He � � � I35ClðX; v00 ¼ 0Þ conformers occurs with

cooling along the expansion. The observed shift in intensity also depends on

backing pressure, spanning from �15 to �30 when increasing the He backing

pressure from 95 to 215 psi. Since the rotational temperatures were nearly the

same at a given downstream distance when using the different backing

pressures, the pressure-dependent studies indicate that the relative populations

of the conformers are not just dependent on local temperature, but also on the

total number of collisions experienced by a complex.

Similar experiments performed on He � � �Br2 revealed the same trend as

observed for the He � � � ICl complexes, with the intensity of the linear feature

increasing relative to the T-shaped feature with increasing downstream distance

and backing pressure [41]. Although the intensity changes were not as drastic as

observed in the He � � � ICl spectra, the results showed that the He � � � ICl complex

was not a special case and that stabilization of different conformers may be a

more general attribute of Rg � � �XY complexes. For all of the Rg � � �XY
systems studied thus far, see Table I, it was possible to manipulate the relative

abundances of the T-shaped and linear conformers by manipulating the expansion

conditions and by recording the spectra at different downstream distances.

These systematic studies not only demonstrated that the relative populations

of different Rg � � �XY conformers are not kinetically trapped within the

Figure 8. The relative peak intensities of the T-shaped and linear He � � � I35Cl fluorescence
excitation features at 17,831 and 17,842 cm�1, respectively, are plotted as a function of reduced

distance along the expansion. The I35Cl(X,v00 ¼ 0) rotational temperature determined at each

distance is shown on the top abscissa. Taken with permission from Ref. [67].
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expansion, but they provide a simple method for determining whether spectral

features may be associated with transitions of different conformers. Further-

more, monitoring the population shift as a function of local temperature in the

expansion, perhaps at only two downstream distances, is a quick way to

determine which of the ground-state conformers is more energetically stable.

The population shift from the T-shaped to linear He � � � I35ClðX; v00 ¼ 0Þ
conformer [39, 67], and similarly for the He � � �79 Br2ðX; v00 ¼ 0Þ conformers

[41], with decreasing temperature indicated that the linear species is more

strongly bound than the T-shaped for these species.

B. Stabilization of Multiple Conformers of Higher Order Complexes:

Hen � � � IClðX; v00 ¼ 0Þ and Hen � � �Br2ðX; v00 ¼ 0Þ, n � 2

Action spectra were recorded at varying downstream distances and with different

He backing pressures to investigate if the populations of the conformers of the

higher order Rgn � � �XY complexes could also be manipulated. The �v0 ¼ �2
action spectra of the Hen � � � I35Cl complexes recorded at two distances

downstream from the nozzle orifice, Z ¼ 8:8 and 19.1, corresponding to

monomer rotational temperatures of 2.34(3) K and 1.09(10) K, respectively,

are shown in Fig. 9a and b [62]. It is evident that the intensity of the feature

Figure 9. Action spectra acquired in the I35Cl B��X, 3–0 spectral region and with the probe

laser tuned to the I35Cl E��B, 9–1 transition. Both spectra were recorded using the same source

conditions, but with the lasers intersecting the expansion at Z¼ 8.8, (a), and Z¼ 19.1, (b). Monomer

rotational temperatures of 2.34(3) K and 1.09(10) K were measured at the two distances [62].
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affiliated with transitions of the toroidal (2,0)He2 � � � I35ClðX; v00 ¼ 0Þ conformer

decreases drastically relative to the (1,1)He2 � � � I35Cl feature with decreasing

temperature, thereby indicating that the (1,1)He2 � � � I35ClðX; v00 ¼ 0Þ conformer

is more strongly bound. The He2 � � �79 Br2ðX; v00 ¼ 0Þ conformers exhibited the

same trend [62], with the (1,1) conformer being more strongly bound than the

(2,0) conformer, which is in agreement with recent theoretical calculations [68].

Unfortunately, the poor signal-to-noise levels in the �v0 ¼ �3 action spectra

precluded a definitive determination of the more stable He3 � � �79 Br2 complex.

High level ab initio calculations of the He2 þ IClðX; v00 ¼ 0Þ and

He2 þ Br2ðX; v00 ¼ 0Þ interactions, as well as quantum mechanical calculations

of the bound He2 � � � ICl and He2 � � �Br2 intermolecular vibrational levels offer

valuable insights into the interactions of these higher order complexes [68, 69].

For the He2 � � � ICl complex, even though there are five minima in the PES, the

lowest five intermolecular vibrational levels are found to be localized in wells

with the following geometries: (1) a police nightstick, or the (1,1)He2 � � � ICl
geometry using our notation; (2) a linear He � � � I��Cl � � �He, or (0,2)He2 � � � ICl
geometry; (3) and (4) a tetrahedral, or (2,0)He2 � � � ICl geometry; and (5) a

second police nightstick geometry with the He localized at the Cl end, or

(1,1)ICl � � �He2 [69].

The probability distributions for the first three levels indicate that the He atoms

are quite localized in each of the minima, and these should be thought of as

distinct conformers of the He2 � � � ICl complex based on similar arguments as

described above for the lowest levels of the ground-state Rg � � �XY complexes.

The most stable conformer, police nightstick conformer, is predicted to be bound

by 33.51 cm�1 with the linear and tetrahedral conformers lying only 1.91 and

3.05 cm�1 to higher energy [69]. Recent work completed in our lab indicates that

the (1,1)He2 � � � ICl conformer is the most stable observed conformer with a

binding energy of 38.4(9)–41.3(1.0) cm�1 [70]. The tetrahedral (2,0)He2 � � � ICl is
definitely less strongly bound, but we currently do not have an estimate of the

relative binding energy of it compared to the (1,1)He2 � � � ICl conformer. Note that

we do not see any evidence of a linear (0,2)He2 � � � ICl conformer.

The calculations for He2 � � �Br2 predict that the linear (0,2)He2 � � �Br2
conformer is the most strongly bound, followed by the police night stick

(1,1)He2 � � �Br2, and the tetrahedral (2,0)He2 � � �Br2 conformers [68]. The binding

energies for these conformers are similar to those of He2 � � � ICl with energies of

32.24, 32.44, and 30.93 cm�1, respectively. Recall for He2 � � �Br2 we only see

spectroscopic evidence of the (1,1)He2 � � �Br2 and (2,0)He2 � � �Br2 conformers.

The experimental results on He2 � � � ICl and He2 � � �Br2 demonstrate that by

varying the expansion conditions it is possible to manipulate the relative

abundances of the higher order complexes and drive the ground-state population

to the more energetically stable configuration. The stabilization of multiple

Rgn � � �XY conformers suggests that the influence of the multibody interactions
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on the photodissociation dynamics can be interrogated with rare gas atoms

localized in different regions around the dihalogen, and such investigations are

not restricted to the case where all of the atoms are confined to the same region

of space. Also, the similarity between the contours of the linear He � � �XY bands

and the features of the nontoroidal conformers suggests that these complexes

also access delocalized intermolecular vibrational levels in the excited-state.

Thus, these dynamical studies could be performed with varying amounts of

internal motion and angular momenta. A brief summary of the dissociation

dynamics of He2 � � � I35ClðB; v0Þ complexes prepared with varying amounts of

intermolecular vibrational excitation within the Heþ He � � � I35ClðB; v0 ¼ 3Þ
potential is presented at the end of section IV.C [70].

C. Formation of Rg � � �XY van der Waals Complexes in Supersonic

Expansions

The use of supersonic expansions to stabilize weakly bound complexes is well

documented, and the physics within the expansions has been intensively

investigated [27]. A typical supersonic expansion is established using a high

pressure gas reservoir comprised of a small concentration of the molecule of

interest entrained in a monatomic carrier gas and a small orifice that allows

escape of the gas to vacuum. The hydrodynamic flow through the orifice converts

the random motion in the high pressure region behind the orifice to a directed

mass flow in the vacuum, resulting in a quick decrease in temperature, collision

frequency, and density with distance from the orifice. Weakly bound van der

Waals complexes are most efficiently stabilized just downstream of the orifice via

three-body collisions, where a dihalogen molecule and rare gas atom are

stabilized in the complex and the excess energy liberated when forming the

complex is taken away by a another rare gas atom. In this region of the

supersonic expansion, the collision frequency is sufficient for three-body

collisions to occur while the local temperature is low enough that the collisions

do not dissociate existing complexes.

The density of the jet decreases rapidly with increasing distance downstream

from the nozzle orifice, and eventually the multibody collisions become much

less probable than two-body collisions. Within this region of the expansion, the

probability for forming new complexes falls off quickly, but two-body collisions

serve to cool the complexes as internal energy of the complexes is transferred to

kinetic energy of the colliding rare gas atoms. The gas density continues to drop

with increasing distance and eventually the expansion will transition to a

molecular flow that is essentially free of collisions. Within this collision-free

regime, the cooling of the complexes should cease and their internal energy

distributions should be frozen. However, if the evolution of the expansion into

the collision-free regime is gradual the conditions favoring two-body collisions

may be sustained for a time sufficient to allow the complexes to be cooled to the
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lowest intermolecular levels within the T-shaped and linear wells. Additionally,

the collisions may induce isomerization converting one conformer into the

other.

D. Isomerization Mechanisms

Simulations of the isomerization of the linear and T-shaped Ar � � � I2ðX; v00 ¼ 0Þ
conformers offer insights into two mechanisms by which collisions with rare gas

atoms may convert population of one conformer to the other even at very low

temperatures [66]. The first mechanism is a conventional isomerization reaction,

depicted in Fig. 10a. A HeðaÞ � � �XYðX; v00 ¼ 0Þ complex collides with a second

helium atom, He(b). The colliding He(b) atom gains kinetic energy during the

collision encounter because of the intermolecular attraction associated with the

HeðbÞ þ HeðaÞ � � �XYðX; v00 ¼ 0Þ atom-complex van der Waals potential. This

kinetic energy results in an increase in the internal energy of the collision

complex, perhaps above the barrier along the angular coordinate, so that the He(a)

atom can move from one minimum to the other. The colliding He(b) atom then

takes away the excess energy as the complex relaxes into the other conformeric

form.

The second mechanism, Fig. 10b, is an exchange, or ‘‘swap’’, mechanism.

In this case, the colliding He(b) atom approaches an unoccupied minimum

region of the intermolecular PES forming a quasistable HeðbÞ � � �HeðaÞ � � �XY

Figure 10. The transfer of population between the T-shaped and linear conformers may occur

via two reaction mechanisms [66], isomerization (a) and exchange (b), even at the very low

temperatures, < 2K, observed in the expansion at x=d > 10. Adapted from Ref. [67].
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ðX; v00 ¼ 0Þ collision complex. The internal energy of the collision complex may

be greater than the HeðaÞ þ XYðX; v00 ¼ 0Þ binding energy, and the ejection of

the He(a) atom and the formation of a HeðbÞ � � �XYðX; v00 ¼ 0Þ complex would

result. The ‘‘swap’’ mechanism may be particularly important when the

collisional energy decreases, and the Ar � � � I2ðX; v00 ¼ 0Þ simulations indicate

that in the regions of coldest collisions the exchange mechanism may account

for 50% of the total isomerization [66].

E. Relative Binding Energies

The ability to detect discrete rovibronic spectral features attributed to transitions

of two distinct conformers of the ground-state Rg � � �XY complexes and to

monitor changing populations as the expansion conditions are manipulated

offered an opportunity to evaluate the concept of a thermodynamic equilibrium

between the conformers within a supersonic expansion. Since continued changes

in the relative intensities of the T-shaped and linear features was observed up to

at least Z¼ 41 [41], the populations of the conformers of the He � � � ICl and
He � � �Br2 complexes are not kinetically trapped within a narrow region close to

the nozzle orifice. We implemented a simple thermodynamic model that uses the

ratios of the peak intensities of the conformer bands with changing temperature

in the expansion to obtain experimental estimates of the relative binding energies

of these complexes [39, 41].

The model [39] was developed using three assumptions: the conformers are

in thermodynamic equilibrium, the peak intensities of the T-shaped and linear

features are proportional to the populations of the T-shaped and linear ground-

state conformers, and the internal energy of the complexes is adequately

represented by the monomer rotational temperature. By using these assump-

tions, the temperature dependence of the ratio of the intensities of the features

were equated to the ratio of the quantum mechanical partition functions for the

T-shaped and linear conformers (Eq. (7) of Ref. [39]). The ratio of the

He � � � I35Cl T-shaped:linear intensity ratios were observed to decay single

exponentially. Fits of the decays yielded an approximate ground-state binding

energy difference, �E ¼ D
00ðTÞ
0 � D

00ðLÞ
0 , of 2.5(6) cm�1. This value was in good

agreement with the theoretical value, 3.14 cm�1, calculated by McCoy and co-

workers [40].

Based on the strong agreement between the calculated and experimental

values for the �E values obtained by using this simplistic thermodynamic

model, it was tantalizing to make the assertion that the conformers are in

thermodynamic equilibrium within an expansion. However, several factors,

including the use of peak intensities rather than integrated intensities, and

ignoring possible variations of the Hönl–London factors and fluorescence

quantum yields between the two conformers, could have introduced significant

errors in the experimental values [39]. Furthermore, while the rotational
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temperatures of the T-shaped conformers, which are preferentially formed in the

early regions of the expansion, seem to match the monomer values, we were not

able to measure accurate rotational temperatures of the linear conformers. It is

possible that the mechanisms that convert population from the T-shaped

conformer to the lower energy linear conformer result in non-Boltzmann

population distributions, thereby contradicting one of the assumptions of this

thermodynamic model.

In part, to test whether the populations of the two conformers are in

thermodynamic equilibrium, we recently undertook experiments aimed at

directly measuring the relative binding energies of the T-shaped and linear

He � � � I35ClðX; v00 ¼ 0Þ conformers [70]. These experiments utilized resonant,

two-photon transitions of the ground-state conformers to common intermole-

cular levels in the ion-pair states. The difference in the observed transition

energies is a direct measure of the relative stability of the ground-state

conformers, �E. The �E for the T-shaped and linear He � � � I35ClðX; v00 ¼ 0Þ
conformers determined in this manner is definitively 5.4(3) cm�1 with the

linear conformer more strongly bound that the T-shaped conformer [70]. This

difference is considerably larger than the 2.5(6)-cm�1 value estimated using the

thermodynamic model [39]. These results show that while the populations of the

Rg � � �XY conformers are not kinetically trapped, they are also not in

thermodynamic equilibrium. Nevertheless, observing the temperature depen-

dence of the relative intensities of the vibronic features attributable to transitions

of different ground-state conformers does reveal which conformer is

energetically more stable.

As mentioned above, for all of the systems listed in Table I the relative

intensities of the linear and T-shaped features were observed to change with

downstream distance. While the most drastic intensity changes were observed

for He � � � ICl, sufficient changes were also observed in He � � �Br2 and He � � � I2
so that the thermodynamic model could be used to estimate the relative binding

energies of the conformers for these systems. The linear He � � �Br2ðX; v00 ¼ 0Þ
conformer is �0.4(2) cm�1 more strongly bound than the T-shaped conformer

[41]. The only system for which we found the T-shaped species to be the more

strongly bound is He � � � I2ðX; v00 ¼ 0Þ with �E � 0:3ð2Þ cm�1 [53], determined

using the resonant, two-photon scheme.

Results from our efforts and from earlier reports indicate that the differences

in the binding energies of the T-shaped and linear Ne � � � IClðX; v00 ¼ 0Þ,
Ne � � � I2ðX; v00 ¼ 0Þ, and Ar � � � I2ðX; v00 ¼ 0Þ conformers are significantly larger

than of the He � � �XY systems. We expect that the large mismatch in the

energies of the conformers would make it even more difficult for these systems

to reach a thermodynamic equilibrium. Furthermore, these complexes were

stabilized in mixed carrier gases, Ne in He or Ar in He, in order to reduce the

propensity for forming higher order complexes. In so doing, the number of
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Neþ Ne � � �XY and Arþ Ar � � � I2 collisions within the expansion was greatly

reduced and opportunities for isomerization events minimized [55]. Conse-

quently, we made no attempt to apply the thermodynamic model to these

heavier rare gas atom systems.

IV. INTERROGATING DYNAMICS ON VARYING REGIONS

OF THE EXCITED-STATE SURFACE

The preceding discussion demonstrates that the conditions of supersonic

expansions can be manipulated to stabilize multiple conformers of the ground-

state, Rg � � �XY complexes. These discussions focused on the Hen � � � I35Cl
ðX; v00 ¼ 0Þ and Hen � � �79 Br2ðX; v00 ¼ 0Þ complexes with n � 1, but thus far

there are no indications that other Rgn � � �XY systems will not exhibit the same

general attributes. The Franck–Condon windows associated with transitions of

the different ground-state conformers can provide access to multiple regions of

the excited-state PESs so that a more thorough understanding of collision

dynamics and energy-transfer mechanisms can be developed. Thus far, the

electronically excited Rg � � �XY complexes have become the focus of dynamics

investigations since depending on the amount of XY vibrational excitation, the

electronic character of the XY molecule, and the size of the Rg atom, it is

possible to study ‘‘simple’’ direct vibrational predissociation, dissociation

through multiple, sequential intermediates, electronic predissociation, or

statistical IVR. Thus, it was the early goal of investigations on the Rg � � �XY
systems to build models and establish general propensities for intermolecular

interactions of molecules, in general.

Part A of this section includes a brief overview of previous work undertaken

to characterize the excited-state dynamics of the Rg � � �XY complexes induced

from the T-shaped or toroidal geometry. While this material has recently been

thoroughly reviewed [14], we include the results of frequency and time-domain

experiments, including typical observables and expectations, and of theoretical

efforts that provide general information on the underlying physical phenomena

to illustrate what can be learned from these systems. To date, the linear

He � � � I35ClðX; v00 ¼ 0Þ conformer has been the most extensively studied linear

Rg � � �XY system, and the ongoing work interrogating the excited-state

dynamics of this complex may provide additional insights into the role of

intermolecular orientation and energy on dynamics and energy-transfer

mechanisms. In part B, we describe recent dissociation dynamics results

obtained by promoting the linear He � � � ICl conformer to varying regions on

the excited-state PES. Specifically, we present results from VP studies that

indicate the role of intermolecular vibrational excitation and the delocalization

of the excited-state wave functions on the dynamics [51]. Transitions of the

linear conformer also access the region of the excited-state PES near the
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dissociation limit, and both direct dissociation and rotational predissociation are

observed [51]. Lastly, in part C, the dissociation dynamics of the conformers of

the higher order complexes are briefly summarized.

A. Photoinitiated Dynamics of T-shaped Rg � � �XY ðX; v00 ¼ 0ÞComplexes

1. Vibrational to Translational Energy Transfer: Experimental Results

The rare gas–homonuclear dihalogen interactions are one of the simplest classes

of van der Waals interactions, since they do not have permanent electrostatic

interactions and are dominated by long-range van der Waals attraction and

exchange repulsion [13]. Consequently, a majority of the experimental and

theoretical efforts undertaken over the past 30 years have focused on

characterizing the dynamics and interactions of these systems. The T-shaped

He � � � I2 complex was the first triatomic van der Waals complex detected in LIF

spectroscopy experiments [71]. The observed blue shifts of the T-shaped features

from each of the I2 B��X, v0 � 0 band origins was approximately constant over

the vibrational regions spanning from v0 ¼ 3��29. This constant shift in transition
energy is indicative of the excited-state He � � � I2ðB; v0Þ complex having nearly

the same binding energy regardless of the amount of iodine vibrational excitation

and of a weak interaction between the He��I2 intermolecular vibrational mode

and the I��I molecular vibrational mode. An additional suggestion of this weak

coupling is the narrow line widths of the T-shaped features in the fluorescence

excitation spectrum. The line widths indicate that complexes prepared in the

n0 ¼ 0 intermolecular vibrational level undergo predissociation on time scales

decreasing monotonically from 221(20) ps at v0 ¼ 12��37:9ð1:3Þ ps at v0 ¼ 26

[72], solid circles in Fig. 11, corresponding to �1000 to �90 iodine vibrational

periods. Since the v0-dependent decrease in the lifetime is not accompanied by a

quenching of the fluorescence, the principal decay mechanism for He � � � I2ðB; v0Þ
is VP, not electronic predissociation. In partial support of this conclusion, the

Levy group showed that the �v0 ¼ �1 VP channel accounted for 98% of the

observed fluorescence [74].

An investigation of the Ne � � � I2 complexes within the same spectral regions

yielded similar results [18]; a nearly constant blue shift of the spectral features

from the monomer band origins and excited-state lifetimes that are long

compared to the molecular vibrational period, solid squares in Fig. 11. The

vibrational state distributions measured following VP of Ne � � � I2ðB; v0Þ also
showed a propensity for forming products in the �v0 ¼ �1 product channel.

The major difference in the dynamics of the complexes through the v0 ¼ 13��26
region was that for a given v0, the lifetime of the Ne � � � I2 complex is shorter

than He � � � I2.
Zewail and co-workers performed a series of time-resolved experiments

characterizing the vibrational predissociation dynamics of He � � � I2ðB; v0Þ,
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Ne � � � I2ðB; v0Þ, and Nen � � � I2ðB; v0Þ, with n ¼ 2 – 4 [23 ,73, 75] and compared

their results with the frequency-domain studies of the Levy group [72]. Using

picosecond, pump–probe spectroscopy they monitored the rate of appearance of

the I2(B,v) fragments in a specific v < v0 decay channel. The measured VP rates

for He � � � I2ðB; v0Þ and Ne � � � I2ðB; v0Þ also exhibited nonlinear increase with

increasing v0, open circles and squares in Fig. 11, respectively. These rates are

consistently lower than obtained from the line width measurements, which may

include inhomogeneous broadening and thus represent upper limits. A

particularly interesting result of the time-resolved experiments was the

appearance of rotational coherences in the He � � � I2 and Ne � � � I2 transients

corresponding to the formation of nascent I2ðB; v0 � 1Þ fragments. Although the

VP processes in He � � � I2 and Ne � � � I2 have been shown to be dominated by V–T

energy transfer, the presence of the coherences underscored the importance of

considering the effects of rotation on the VP dynamics.

2. Vibrational to Translational Energy Transfer: Theoretical Results

The He � � � I2 and Ne � � � I2 systems have become representative systems for

investigating VP dynamics, wherein fragmentation proceeds via a direct

Figure 11. Experimental He � � � I2(B,v0) and Ne � � � I2(B,v0) excited-state lifetimes, circles and

squares, plotted as a function of vibrational quanta, v0. The values taken from line width [72] and

time-domain [73] measurements are shown as solid and open symbols, respectively.
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coupling of the initially prepared quasistable state of the complex to the

�v0 ¼ �1 translational continuum. The nonergodic nature of VP makes these

complexes very attractive to theoreticians, and they quickly became benchmark

systems for testing theoretical methodologies for unimolecular dissociation [76].

Beswick and Jortner were the first to consider the VP of triatomic van der Waals

complexes, developing an approach that regarded the predissociation process as

a half-collision event involving vibrational-to-translational, V–T, energy transfer

[77–79]. Treating this process as a pure V–T mechanism was justified since the

small rotational constant of iodine makes vibrational to rotational energy

transfer, V–R, improbable. This was initially substantiated by Beswick and

Delgado–Barrio, who first incorporated the effects of rotation in He � � � I2
vibrational predissociation using a rotational decoupling scheme [80].

Within the context of scattering theory, Beswick and co-workers [77–79, 80,

82] employed a perturbative Golden Rule treatment that considers the decay of

the complex into a manifold of coupled translational continua to determine the

VP decay rates from the energy dependence of the scattering matrix. This

approach resulted in the well-known energy [77, 79] and momentum gap laws

[83] stating that the rate of VP is determined by the translational energy, Etrans,

or momentum of the fragments after dissociation and, that the rates for VP

decrease with increases in Etrans. Under the Golden Rule approximation, the

decay rate is proportional to the overlap integral between the initially prepared,

quasibound state of the complex and the continuum wave functions of the

dissociation product states. At larger translational energies, the continuum wave

function oscillates more rapidly, thereby resulting in a smaller overlap integral

and a smaller rate of predissociation.

Given that the He � � � I2 and Ne � � � I2 excited-state intermolecular binding

energies are approximately constant throughout the B-state, the anharmonicity

of the I2(B) potential results in a decrease in the energy available to the

product translational degrees of freedom, and, as a result, a decrease in the VP

rate with increasing v0. The observed excited-state lifetimes of the

He � � � I2ðB; v0Þ and Ne � � � I2ðB; v0Þ complexes are in accord with the energy

gap law prediction.

The experimental results on He � � � I2 provide targets for improving

theoretical techniques including numerous classical and quasiclassical trajec-

tory methods [84–88] and both time-dependent and time-independent quantum

methods [76, 78, 81, 89–93]. While much of this methodology did not include

rotational effects, it became apparent that even for inherent V–T processes

introducing the rotational degrees of freedom could have a substantial effect on

the decay widths, and that neglecting rotation results in an underestimation of

the complex lifetimes [88]. The need for more thorough calculations was further

clarified by Zhang and Zhang [93], who carried out two- and three-dimensional

quantum wave packet calculations on the dissociation dynamics of He � � � I2.
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The inclusion of the iodine rotations resulted in an effective centrifugal barrier

in the potential that pushed the continuum wave function out of the bound-state

region, thereby reducing the overlap integral and decreasing the VP rate.

3. Vibrational to Rotational Energy Transfer

The frequency-domain line width and time-domain, pump–probe measurements

provide information about the lifetimes of the complexes, but they tell us little

about the nature of the dynamics incurred. Processes involving the partitioning of

excess energy into rotational, as well as translational, degrees of freedom, V–R

and V–T,R, are more common than simple V–T energy transfer, and, since the

rotational excitation of the fragments is due to coupling with anisotropic terms of

the intermolecular potential [94, 95], the ability to examine the disposal of

energy into fragment rotation is vital to our understanding of the underlying

forces governing the dynamics.

Lester and co-workers first demonstrated the use of a two-laser, pump–probe

technique to record the product rotational state distributions of nascent ICl*

fragments following photodissociation of Ne � � � ICl and He � � � ICl complexes

from n0 ¼ 0 intermolecular vibrational levels in the ICl B3�0þ and A3 �1

electronic states [17, 46, 48, 96]. The VP dynamics of both complexes, which

were found to be dominated by the �v0 ¼ �1 decay channel and obey the

energy-gap law, resulted in slightly different product rotational distributions.

The measured IClðA; v0; j0Þ rotational distributions following excitation of the

Ne � � � ICl complex to a range of vibrational levels in the A electronic state were

inverted, with a local maxima at high j0 values, quite narrow, and were found to

scale with the square root of energy released into dissociation [97]. The

rotational distributions measured for VP of Ne � � � IClðB; v0Þ exhibited a similar

behavior [46].

In contrast, the rotational-state distribution measured with the excitation laser

fixed on the band head of the T-shaped He � � � ICl feature in the ICl B��X, 3–0
region was distinctly bimodal [46, 48]. Our group repeated these measurements

with slightly better frequency resolution so that single He � � � ICl rotational

transitions could be excited and rotational averaging from the complex was

minimized [51]. The IClðB; v0; j0Þ product state distribution is plotted in Fig. 12b

and is only slightly more structured than observed previously. Lester and co-

workers [46, 48] noted that such a distribution is consistent with an impulsive

inelastic scattering picture of the VP dynamics. Furthermore, the features of the

product rotational-state distribution are analogous to classical rotational

rainbows observed in energy and angular distributions of differential cross-

sections. By using semiclassical scattering theory, Waterland, et al. [48]

qualitatively reproduced the rotational distributions and provided evidence of

final-state interactions during fragmentation that arise from the angular forces,

and thus the anisotropy of the PES, as the fragments separate. Even though the
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probability density for the n0 ¼ 0 level is localized in the T-shaped well,

Fig. 12a, the potential in this region is very anisotropic and forces resulting in

different angular momenta can result. Within a classical context, the observed

maxima in the rotational distribution correspond to the recoiling He atom

feeling these different forces and scattering off the PES near the I and Cl ends of

the ICl molecule. Thus, the positions of the peaks observed in the rotational

distributions can be directly related to the anisotropy of the PES sampled by the

products. Lester and co-workers [48] further noted that the characteristics of the

rotational distributions could also be attributed to the preparation of the initial

state, for example, the zero-point energy of the complexes or the nature of the

Figure 12. Potential energy contour plots for Heþ I35Cl(B,v0 ¼ 3) and the corresponding

probability densities for the n0 ¼ 0, 2, and 4 intermolecular vibrational levels, (a), (c), and (e) plotted

as a function of intermolecular angle, y and distance, R. Modified with permission from Ref. 40. The

I35Cl(B,v0 ¼ 2,j0) rotational product state distributions measured following excitation to n0 ¼ 0, 2,

and 4 within the Heþ I35Cl(B,v0 ¼ 3) potential are plotted as black squares in (b), (d), and (f),

respectively. The populations are normalized so that their sum is unity. The I35Cl(B,v0 ¼ 2,j0)
rotational product state distributions calculated by Gray and Wozny [101] for the vibrational

predissociation of He � � � I35Cl(B,v0 ¼ 3,n0 ¼ 0,J0 ¼ 0) complexes are shown as open circles in panel

(b). Modified with permission from Ref. [51].
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quasistable state coupling to the dissociative surface. However, full-dimensional

quantum mechanical calculations on Ne � � � ICl [98] and He � � � ICl [49] showed
that these factors contributed very little to the distributions and corroborated the

general assertions of the classical calculations that the rotational excitation of

the ICl fragments arises from final state interactions, that is, the torque imparted

on ICl by the departing He atom.

It is interesting to compare the He � � � ICl results with those obtained for the

He � � �Cl2 and Ne � � �Cl2 complexes. Although the Cl2(B,v
0,j0) rotational

distributions were also distinctly bimodal, they exhibited a few characteristics

not observed in the fragment ICl rotational distributions of the He and Ne � � � ICl
complexes. First, the Cl2(B,v) rotational distributions with v < v0 exhibited an

alternating intensity between even and odd rotational levels [99, 100]. Cline,

et al. [99], pointed out that the symmetry of the intermolecular potentials

preserves the parity of the initial complex wave function in the parity of the

Cl2(B,v) product rotational state, and the observed intensity alteration is due to

the different weighting of the parity states imposed by spin statistics. Second,

the Cl2(B,v) rotational distributions from both complexes were found to be

relatively independent of the Cl2(B,v
0) vibrational quantum number. For

example, all of the rotational distributions resulting from the dissociation of

He � � �Cl2 in the Cl2 B��X, 6–0 through 10–0 spectral regions exhibited maxima

at j0 ¼ 4 and j0 ¼ 20 [see Fig. 3 of Ref. (100)]. Third, the rotational distributions

from Ne � � �Cl2ðB; v0Þ and He � � �Cl2ðB; v0Þ are somewhat invariant to the

amount of energy released to the fragments. This is best illustrated in Fig. 9 of

Ref. [98], which shows similar rotational distributions in the�v0 ¼ �1;�2, and
�3 channels following the dissociation of the He � � �Cl2ðB; v0 ¼ 12Þ complex.

Despite the factor of 3 increase in energy released to the products between the

�v0 ¼ �1 and �3 channels, all three plots have the same two maxima, a

minimum at j0 ¼ 6 and the same jmax value. Of course, the parity conservation

constraints are not expected in a complex containing a heteronuclear dihalogen

moiety, such as He � � � ICl or Ne � � � ICl, but the last two attributes are not

consistent with the impulsive half-collision predissociation mechanism used to

describe the fragmentation of He � � � ICl and Ne � � � ICl.
The Franck–Condon model, which decomposes the initial quasistable state of

the wave function in terms of free-rotor states and gives the product rotational

distribution if no torques are present, was applied to Ne � � �Cl2 and He � � �Cl2
and correctly predicted the low j0 behavior of the distribution, as well as the

invariance of the distributions in the �v0 ¼ �1 and �2 channels [99, 100].

However, this model could not accurately account for the behavior of the

distributions at high j0 nor could it account for the invariance of the minima, or

nodes, in the distributions. It was proposed that a more sophisticated version

of the Franck–Condon model might produce better overall agreement with

the experimental data. Cline et al. [99], noted that the breakdown of the
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quasiclassical, impulsive model made it quite difficult to clearly interpret the

origin of the bimodal distributions and proposed that both quantum interference

and rotational rainbow effects are likely involved.

Gray and Wozny [101, 102] later disclosed the role of quantum inter-

ference in the vibrational predissociation of He � � �Cl2ðB; v0; n0 ¼ 0Þ and

Ne � � �Cl2ðB; v0; n0 ¼ 0Þ using three-dimensional wave packet calculations.

Their results revealed that the high j0 tail for the VP product distribution of

Ne � � �Cl2ðB; v0Þ was consistent with the final-state interactions during

predissociation of the complex, while the node at in the He � � �Cl2ðB; v0Þ�v0 ¼
�1 rotational distribution could only be accounted for through interference

effects. They also implemented this model in calculations of the VP from the

T-shaped He � � � I35ClðB; v0 ¼ 3; n0 ¼ 0Þ intermolecular level forming Heþ
I35ClðB; v0 ¼ 2Þ products [101]. The calculated I35ClðB; v0 ¼ 2; j0Þ product state
distribution remarkably resembles the distribution obtained by our group, open

circles in Fig. 12(b).

Their proposed model [101, 102] states that the rotational product state

distribution depends on the product of the probability density of the initially

prepared quasibound state with a classical force induced by the RgþXY

product–channel surface, and short-time dynamics along the exit channel. The

first step involves the evolution of the initially prepared quasibound state of the

complex onto the lower energy potential. This is the rate-limiting step and a

superposition of states, or wave packets, that are localized in two different

angular regions of the PES results. Each wave packet quickly propagates out the

exit channel, forming rotational state distributions indicative of the forces

sampled from that region of the potential. It is the interference between the two

wave packets at large intermolecular distances that gives rise to the structure in

the product rotational state distributions.

For Ne � � �Cl2, the two regions where the wave packets originate were

confined to one angular region around the Cl2 moiety, and the wave packets

propagated separately from these regions yielding roughly the same rotational

distributions [101]. No interference effects were observed. In contrast, two

distinct angular origination regions were observed for He � � �Cl2 and

propagating the wave packets separately resulted in two different rotational

distributions, one peak at low j0 and one peaked at high j0. However, the

weighted sum of these two distributions did not correspond very well with the

experimental results [101]. It was only by simultaneously propagating both

origination regions that the structure of the Cl2 rotational distribution was

faithfully reproduced, with the quantum interference between the two wave

packets giving rise to the distinctive node in the distribution. The agreement of

the calculations with the experimental data, Fig. 12b, indicates similar dynamics

for the vibrational predissociation of the T-shaped He � � � I35ClðB; v0 ¼ 3; n0 ¼ 0Þ
complex [101].
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4. Intramolecular Vibrational Energy Redistribution

The preceding discussion was limited mostly to VP processes occurring by direct

coupling of the quasibound state of the complex to the dissociative continuum,

which is the simplest and most commonly observed decay route for the

complexes. However, these systems also serve as ideal venues for studying an

array of more complicated dynamical processes, including IVR, and electronic

predissociation. This brief section will focus on the former, underscoring some of

the inherent dynamical differences between Rg � � �XY complexes by discussing

the IVR behavior of a few systems.

Triatomic complexes containing He and Ne are generally characterized by

small excited-state binding energies relative to the energy available from the

dihalogen stretch and, in accord with energy gap laws, dissociation in the lower

vibrational levels occurs predominantly by direct coupling to �v0 ¼ �1
translational continuum. However, the anharmonicity of the dihalogen potential

reduces the magnitude of the vibrational energy transferred to the inter-

molecular mode with increasing v0 perhaps causing the �v0 ¼ �1 channel to

close in well-defined energy regions. In these regions, the interplay between VP

and IVR can become significant as decay may proceed via a direct coupling to

the �v0 ¼ �2 continuum or via an indirect coupling to the �v0 ¼ �2
continuum through an intermediate, doorway state [103]. Because the doorway

state corresponds to a vibrationally excited intermolecular mode in the v0 � 1

manifold, the nodal pattern of the wave function is more complicated than in the

initial state and the coupling of the intermediate state to the continuum

generally produces highly structured and irregular rotational product state

distributions. Also, a different doorway state may be accessed for each initial

dihalogen vibrational level, resulting in an erratic dependence of the excited-

state lifetimes and spectral shifts on v0. These signatures of IVR-mediated VP

were observed for the He � � �Br2 complex in the highest Br2 vibrational levels,

v0 > 40, making it the first triatomic complex containing He or Ne for which

IVR was shown to play an important role [52, 104, 105].

Although energy conservation constraints dictate which VP channels are

open, it is the nature of the intermolecular interactions, the density of states and

the coupling strengths between the states that ultimately dictate the nature of the

dynamics and the onset of IVR. These factors are dependent on the particular

combinations of rare gas atom and dihalogen molecule species constituting the

complex. For example, Cline et al. showed that, in contrast to He � � �Br2,
�v0 ¼ �2 VP in the He � � �Cl2 and Ne � � �Cl2 complexes proceeds via a direct

coupling of the quasibound state to the v0 ¼ �2 continuum rather than by

two sequential �v0 ¼ �1 steps [99, 100]. Furthermore, drastically different

intermolecular interactions and more complicated dissociation dynamics are

found for Ar � � �Cl2. Not only does IVR take place in the Ar � � �Cl2 complex
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[106, 107] but significant changes in the density of intermediate states and

coupling strengths with v0 give rise to several different IVR regimes depending

on the Cl2 vibrational level that is accessed during excitation [108].

The dissociation dynamics of Ne � � �Br2ðB; v0Þ has been investigated using

both frequency- and time-resolved spectroscopy by Cabrera, et al. [109]. They

found that the excited-state lifetimes of the complexes deviate from those

predicted with the energy-gap law, leveling off in the range of 10–20 ps for

v0 > 20. Interestingly, in double-resonance experiments monitoring the decay

of the quasistable Ne � � �Br2ðB; v0Þ complex, only an upper limit of 10 ps could

be set for the complex in the v0 ¼ 26 level. The Br2(B,v
0 ¼ 25) products,

however, were found to form on time scales of 15 ps. Complimentary theoretical

studies of the Ne � � �Br2 dissociation dynamics [110, 111] indicate that IVR

may occur through intermediate resonances even though the prepared complex

states are energetically well below the closing of the �v0 ¼ �1 channel, which

occurs at v0 ¼ 28. Therefore, rather than undergoing the typical IVR-mediated

predissociation involving sequential �v0 ¼ �1 steps, as described above, IVR

in Ne � � �Br2 can occur within a single �v0 ¼ �1 decay channel. Thus,

Ne � � �Br2ðB; v0 ¼ 26Þ complexes prepared in the n0 ¼ 0 intermolecular level

undergo IVR via an accidental resonance with a Ne � � �Br2ðB; v0 ¼ 25Þ level
with significant intermolecular vibrational excitation lying above the Neþ
Br2(B,v

0 ¼ 25) dissociation limit. As discussed in Section IV. B, such a

resonance was observed for He � � � I35Cl when prepared just above the Heþ ICl

(B,v0 ¼ 2) dissociation limit [39, 51].

B. Photoinitiated Dynamics of Linear Rg � � �XYðX; v00 ¼ 0Þ Complexes

1. Vibrational Predissociation of Delocalized Levels

The influence of intermolecular bending excitation of the Ne � � � IClðB; v0 ¼ 2Þ
complex [97] and of intermolecular bending and rotational excitation of the

Ne � � �Cl2ðB; v0 ¼ 11Þ complex [112] has been considered theoretically. To date,

however, there are no complimentary experimental results reported to comple-

ment the predictions. The observation of the linear features in the excitation

spectra of Rg � � �XY complexes enables dynamics to be investigated over

broader regions of the excited state PES. Thus far, we have investigated the VP of

He � � � I35ClðB; v0 ¼ 2; 3Þ dissociation with n0 � 2 [51].

The probability distribution for the n0 ¼ 2 intermolecular level, Fig. 12c,

indicates that this state resembles a bending level of the T-shaped complex with

two nodes in the angular coordinate and maximum probability near the linear

He � � � I��Cl and He � � �Cl��I ends of the molecule [40]. The measured I35Cl(B,

v0 ¼ 2,j0) rotational product state distribution observed following preparation of

the He � � � I35ClðB; v0 ¼ 3; n0 ¼ 2; J0 ¼ 1Þ state is plotted in Fig. 12d. The

distribution is distinctly bimodal and extends out to the rotational state, j0 ¼ 21,
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and is qualitatively similar to the distribution measured when exciting the

T-shaped n0 ¼ 0, j0 ¼ 0 level, panel (b). As might be expected for a dissociation

occurring from predominantly a linear geometry in comparison to that from a

T-shaped geometry, the distribution is noticeably colder. An additional, subtle

difference is that there is not a local minimum in the product population at the

j0 ¼ 1 product state when exciting the n0 ¼ 2, J0 ¼ 1 state within the Heþ I35Cl

(B,v0 ¼ 3) potential. We proposed that this local minimum results from the

conservation of total angular momentum of the initial complex, and there should

be a local maximum at j0 ¼ 0 and a minimum at j0 ¼ 1 with a symmetric

complex wave function, such as that for He � � � I35ClðB; v0 ¼ 3; n0 ¼ 2; J0 ¼ 0Þ,
panel (b). In contrast, there should be a minimum at j0 ¼ 0 and a maximum at

j0 ¼ 1 when the total wave function of the complex is asymmetric, such as for

He � � � I35ClðB; v0 ¼ 3; n0 ¼ 2; J0 ¼ 1Þ, panel (d).
The higher intermolecular vibrational levels, such as n0 ¼ 4, are even more

delocalized in the angular coordinate, Fig. 12(e), and resemble free-rotor levels

with the He atom rotating about the ICl molecule [40]. Excitation to the n0 ¼ 4,

J0 ¼ 0, 1 states results in a distribution that is smoother and not distinctly

bimodal, Fig. 12f. There is a minimum at j0 ¼ 0, but the population is not zero at

this minimum, and again, the population distribution terminates at j0 ¼ 21.

Following the model of Gray and Wozny [101], as the intermolecular

probability distribution becomes delocalized in the angular coordinate, the

nodal structure sequentially increases the number of regions on the repulsive

potential associated with the product channels from which the wave packets

originate significantly increases. Even though the wave packets still interfere as

they evolve into the products, there is less structure in the product state

distribution because of the increased number of contributing wave packets. Now

that experimental data exist for the VP of levels with intermolecular excitation,

it would be insightful to have complimentary calculations to further test the

different theoretical methodologies.

2. Direct Dissociation above the Rgþ XY(B,v0) Dissociation Limit

Continuum signals throughout the B��X electronic region of the dihalogens have

been observed when investigating the spectroscopy of the Rg � � �XY complexes.

For example, a continuum signal observed in the LIF spectrum of Ar � � � I2 was
observed and attributed to transitions of the linear conformer throughout the I2
B��X region [113]. Surprisingly, these continuum signals were even observed to

extend above the I2(B) dissociation limit [114]. These observations led to several

speculations regarding the excited-state dynamics and the properties of the

excited-state Arþ I2(B) potential in the linear geometry. For example, upon

electronic excitation it was believed that the antibonding character increases to

the extent that this region of the intermolecular potential is fully repulsive. The

excitation of the linear conformers in this region would promptly dissociate
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into separate Arþ I2(B,v
0) fragments. The molecular fragment would fluoresce

and a continuum signal would be observed.

As we have reviewed here, the linear region is not fully repulsive, and

transitions of the ground-state, linear conformer access vibrationally excited

intermolecular levels that are delocalized in the angular coordinate. As

depicted in Fig. 1, however, the internuclear distance is significantly longer in

the excited state at the linear geometry. Consequently, there is favorable

Franck–Condon overlap of the linear conformer with the inner-repulsive wall of

the excited-state potential. It is therefore possible for the linear Rg � � �XY
conformers to be promoted to the continuum of states just above each RgþXY

(B,v0) dissociation limit.

We have recorded action spectra for a number of the Rg � � �XY complexes to

identify the precise transition energies at which the linear conformers access the

continuum regions. While interesting for the investigation of dissociation

dynamics, these transition energies also provide a very accurate measure of the

binding energy of the ground-state, linear conformer; the transition energy of

the beginning of the continuum signal less the corresponding monomer band

origin transition energy is precisely the binding energy. Thus far, we have

recorded such spectra and obtained linear conformer binding energies for He � � �
ICl [39, 115], Ne � � � ICl [55], He � � �Br2 [41], He � � � I2 [53], Ne � � � I2, and

Ar � � � I2 [57] with the values included in Table I.

An action spectrum for He � � � I35Cl recorded with the probe laser fixed on the
I35Cl E��B, 11–2 R(0) rovibronic transition and scanning the excitation laser

through the ICl B��X, 2–0 region is shown in Fig. 13a [51]. The continuum

signal turns on �22 cm�1 above the I35Cl B��X, 2–0 band origin and extends for

at least 140 cm�1 to higher transition energies. It was definitively shown that the

continuum signal arises from transitions of the linear He � � �I35Cl(X,v00 ¼ 0)

conformer, not from the T-shaped conformer, which would have extremely

weak transition strength to the inner repulsive wall of the excited-state surface.

The linear conformer when promoted to the repulsive, inner wall of the potential

dissociates very quickly and a rotationally cold I35Cl(B,v0,j0) product state

distribution results. The three product state spectra shown in Fig. 13 b–d were

obtained by fixing the excitation laser at the transition energies labeled in panel

(a) and scanning the probe laser across the I35Cl E��B, 11–2 band. With only

three or four rotational rotational lines observed, the spectra illustrate that the

three distributions are extremely cold, and cut off at the energetic limit based on

the excitation energy and the Heþ I35Cl(B,v0 ¼ 2) asymptote and the amount of

rotational energy within the ground-state complex.

When exciting to even higher transition energies, the product state

distributions are still found to be quite cold, with the fraction of the available

energy found in rotation actually decreasing as higher energy regions in the

continuum are accessed. For example, the rotational distribution is characterized
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by hEroti ¼ 1:10 cm�1 when the linear complexes are excited at �5 cm�1 above
the Heþ I35Cl(B,v0 ¼ 2,j0) dissociation limit. This corresponds to �25% of the

total available energy to the I35Cl(B,v0 ¼ 2) product. When the complexes are

prepared at �20 cm�1 above the dissociation limit, the rotational energy is only

�8% of the available energy.

Our results on Ar � � � I2 [57] are particularly noteworthy because of the

extensive previous work aimed at characterizing the continuum fluorescence

signals that were found to extend above the I2(B) dissociation limit. It was

proposed that these signals resulted from a one-atom caging mechanism, in

Figure 13. Action spectrum of the linear He � � � I35Cl complex near the Heþ I35Cl(B,v0 ¼ 2)

dissociation limit obtained by scanning the excitation laser through the ICl B��X, 2–0 region and

monitoring the I35Cl E!X fluorescence induced by the temporally delayed probe laser, which was

fixed on the I35Cl E��B, 11–2 band head, (a). The transition energy is plotted relative to the I35Cl

B��X, 2–0 band origin, 17,664.08 cm�1. Panels (b), (c), and (d) are the rotational product state

spectra obtained when fixing the excitation laser on the lines denoted with the corresponding panel

letter. The probe laser was scanned through the ICl B��X, 11–2 region. Modified with permission

from Ref. [51].
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which the linear Ar � � � I2ðX; v00 ¼ 0Þ conformer is promoted to states where the

I2 is no longer bound. However, the proximity of the Ar atom cages or confines

the dissociation path, recoiling one of the iodine atoms back toward the other

and ejecting the Ar atom. The I2 molecule is restabilized in a bound vibrational

level from where it fluoresces. We verified that the continuum signals do arise

from transitions of the linear Ar � � � I2ðX; v00 ¼ 0Þ complex. However, our data

provide no evidence that the excited-state complexes undergo a one-atom

caging mechanism. Instead, we found that the continuum signals result from

bound–free transitions of the linear Ar � � � I2ðX; v00 ¼ 0Þ complex to the inner-

repulsive walls of numerous Arþ I2(B,v
0) intermolecular potentials. The bound–

free continuum signal associated with transitions to each Arþ I2(B,v
0) potential

spans an energy region >700 cm�1. Thus, the continuum signal below and

above the I2(B) dissociation limit is just the sum of all of the continuum signals

that turn on above each Arþ I2(B,v
0) asymptote.

3. Rotational Predissociation above the Rgþ XY(B,v0) Dissociation Limit

The action spectrum recorded through the turn-on region of the continuum

signal, Fig. 13a, contains rotational structure that is similar to that within the

linear feature [39, 51]. The calculations of the He � � � I35Cl intermolecular levels

within the Heþ ICl(B,v0 ¼ 2) potential indicate that the n0 ¼ 7 level should be

within �1 cm�1 of the dissociation limit, and this level may give rise to the

observed features [40]. In partial support of this assignment, action spectra were

recorded at varying distances downstream, and the intensities of the individual

lines change in a similar manner as observed within the linear feature [39, 51].

The discrete lines at 21.7 and 22.6 cm�1, labeled (b) and (c) in Fig. 13a, gain

intensity with cooling and are presumed to be the P(1) and R(0) lines line

accessing the n0 ¼ 7 intermolecular vibrational level.

The probability densities for the high lying intermolecular vibrational levels,

similar to that shown in Fig. 12e, indicate that these levels can be considered

free-rotor levels with the He atom being delocalized about the ICl molecule and

having significant internal angular momentum. Such a level would most likely

have a centrifugal barrier such that the complex could remain quasibound even

if it is energetically above the Heþ I35Cl(B,v0 ¼ 2) dissociation limit. In

Heþ I35Cl(B,v0 ¼ 2) scattering experiments this level would most likely give

rise to a shape resonance at a very low internuclear translational energies. It is

precisely a quasibound intermolecular vibrational level, referred to as a

doorway state [103], that is proposed to give rise to the IVR-mediated VP

observed in the He � � �Br2 system when prepared in levels with v0 > 40 [52,

104, 105]. Of the systems investigated, Table I, the He � � � I35Cl system at the

Heþ ICl(B,v0 ¼ 2) dissociation limit is the only one that such a resonance was

definitively observed. There is some structure in the turn-on region of the

He � � �79;79 Br2 complex in the Br2 B��X, 11–0 region [41], but the signal-to-

noise level is not sufficient for further analysis.
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C. Photoinitiated Dynamics of Higher Order

Rgn � � �XY(X,v00 ¼ 0) Complexes

The ability to stabilize different conformers of the higher order, ground-state

Rgn � � �XY complex opens a new avenue for dynamics and energy-transfer

studies. Since all of the observed Hen � � � ICl and Hen � � �Br2 features follow the

band-shift rule the He atoms must not be strongly interacting in either the ground

or excited electronic states. It therefore seems likely that transitions of the

(1,1)He2 � � � ICl complex will access excited-state levels that have one He atom

localized in the T-shaped well and the other in bending or hindered-rotor levels.

Our group is currently undertaking dynamical studies on He2 � � � ICl. As

mentioned above, we have already measured the binding energy of the

(1,1)He2 � � � ICl conformer using action spectroscopy to find the bound-free

continuum associated with the Heþ He � � � IClðB; v0 ¼ 3Þ dissociation limit. It

would also be insightful to perform time-resolved experiments on the different

conformers of these systems to directly monitor the kinetics for forming the

different products and intermediates as a function of the different excited-state

levels prepared.
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Szabó, G., 50(73–74), 90

Tacconi, M., 283(61), 290–291(61), 308–309

(61), 320(61), 327

Tachiya, M., 73(179), 93; 144(108), 211

Takada, S., 115(62,70), 117(62,77), 130(62,70),

209–210

Takahata, Y., 295(77), 309(77), 328

Takata, T., 122(91), 210

Takatsuka, K., 115(69), 138(106), 210–211

Takeshima, T., 292(72), 328

Taketsugu, T., 121(88), 122(89,91,94–95),

124–125(88), 126(95), 127(88), 128(102),

210–211; 351(153), 373

Takeuchi, H., 292(72), 328

Tal-Ezer, H., 65–66(128), 92

Tallarida, M., 282(49), 327

Tamura, H., 98(48–49), 184(48,140), 185(48),

187(49), 188(48–49), 189–190(49), 209,

211–212

author index 437



Tamura, M., 320(114), 329

Tanabe, S., 344(127), 372

Tanaka, K., 121(81), 129(103), 210–211

Tanaka, N., 57(115), 91

Tanaka, T., 121(81), 129(103), 210–211

Tanner, J., 65(132), 68(132), 92

Tannor, D. J., 44(7,27–29), 71(7), 72(161–162),

73(7,27–29), 88–89, 93; 166(119), 211;

405(91–92), 419

Tao, C., 343(119), 372

Taube, D. J., 344(128), 372

Taube, H., 344(128), 372

Tautermann, C. S., 121–122(87), 127(87), 210

Telo, J. P., 148–149(112), 211

Tenn, W. J., 344(129), 372

Tennyson, J., 20(67), 41

Teranishi, Y., 96(13), 97(36), 98(36,42–43,45),

110(42), 150–151(36), 153–154(42), 157–

160(42), 161(36,42–43), 162(42), 196(13),

206(13,147), 208–209, 211–212

Terentis, A. C., 238(49), 264

Tersigni, S., 44(29), 73(29), 89

Tesch, C., 47(47,49–50), 90

Testa, M., 115(60), 209

Teukolsky, S. A., 52(95), 67(95), 91

Thiemann, W. H. P., 268(13), 326

Thissen, R., , 302(89,91,92), 328–329

Thompson, C. J., 339(56–58,63–64), 340(63,68),

341(63), 344(63,121), 345(68,137), 347

(137), 350–351(137), 364(63), 370, 372

Thompson, D. L., 121–122(86), 125(86), 128

(86), 210; 405(84), 418

Thompson, K. C., 122(92), 210; 227(36), 263

Thorne, L. R., 342(97), 371

Tittle, F. K., 192–193(142), 212

Toffoli, D., 283(59), 288(68), 297(79), 299

(68,79), 327–328

Toplar, M. S., 97(23), 99(23), 208

Toshimitsu, M., 129(103), 211
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Figure 41 (from the chapter ‘‘NonadiabaticChemicalDynamics’’). Selective bond breaking of

H2O bymeans of the quadratically chirped pulses with the initial wave packets described in the text. The

dynamics of the wavepacket moving on the excited potential energy surface is illustrated by the density.

(a) The initail wave packet is the ground vibrational eigen state at the equilibrium position. (b) The initial

wave packet has the same shape as that of (a), but shifted to the right. (c) The initail wave packet is at the

equilibrium position but with a directed momentum toward x direction. Taken from Ref. [37].
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Figure 42 (from the chapter ‘‘Nonadiabatic Chemical Dynamics’’). The potential energy

contour felt by a hydrogen atom when the two atoms N (left side) and C (right side) are fixed.

Figure 63 (from the chapter ‘‘Nonadiabatic Chemical Dynamics’’). Two-dimensional

snapshots ðy ¼ 0Þ of wave packet on the ground S0 state. The symbol T means the time duration in

fs. Taken from Ref. [47].
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Figure 12 (from the chapter ‘‘Exploring Multiple Reaction Paths to a Single Product

Channel’’). Two-dimensional cut through the potential surface for fragmentation of the transition

state [OH � � �CH3 � � � F]� complex as a function of the CF bond length and the FCO angle. All other

coordinates are optimized at each point of this PES. Pathway 1 is the direct dissociation, while

pathway 2 leads to the hydrogen-bonded [CH3OH � � �F� ] structure. The letter symbols correspond

to configurations shown in Fig. 11. Reprinted from [63] with permission from the American

Association for the Advancement of Science.

Figure 16 (from the chapter ‘‘Exploring Multiple Reaction Paths to a Single Product

Channel’’). Projections onto 2D surfaces of trajectories (in green) of CH3O! H2 þ HCO. The

left column is a projection onto the surface of Fig. 15. The right column is a projection onto the

surface of Fig. 14. The black contour represents the saddle point energy for the Hþ
H2CO! H2 þ HCO reaction. Blue contours are lower in energy; red contours are higher. Reprinted

with permission from [67]. Copyright 2001 American Chemical Society.
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Figure 19 (from the chapter ‘‘Exploring Multiple Reaction Paths to a Single Product

Channel’’). Outgoing waves on the first three electronic states of H2O following excitation of the

ð~B1A1Þ  ð~X1A1Þ transition. Green and red lobes have positive and negative amplitudes,

respectively. The gray-filled contour on the ~B surface represents the Franck–Condon region of

excitation from the ground state. Reprinted from [75] with permission from the American

Association for the Advancement of Science.
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