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Preface

“There is something fascinating about science.
One gets such wholesale returns of conjecture
out of such a trifling investment of fact.”

Mark Twain, Life on the Mississippi

The challenges in succeeding with computational science are numerous and
deeply affect all disciplines. NSF’s 2006 Blue Ribbon Panel of Simulation-Based
Engineering Science (SBES)! states ‘researchers and educators [agree]: compu-
tational and simulation engineering sciences are fundamental to the security
and welfare of the United States...We must overcome difficulties inherent in
multiscale modeling, the development of next-generation algorithms, and the
design...of dynamic data-driven application systems...We must determine better
ways to integrate data-intensive computing, visualization, and simulation. Im-
portantly, we must overhaul our educational system to foster the interdisciplinary
study...The payoffs for meeting these challenges are profound.” The International
Conference on Computational Science 2009 (ICCS 2009) explored how compu-
tational sciences are not only advancing the traditional hard science disciplines,
but also stretching beyond, with applications in the arts, humanities, media
and all aspects of research. This interdisciplinary conference drew academic and
industry leaders from a variety of fields, including physics, astronomy, mathe-
matics, music, digital media, biology and engineering. The conference also hosted
computer and computational scientists who are designing and building the cy-
ber infrastructure necessary for next-generation computing. Discussions focused
on innovative ways to collaborate and how computational science is changing
the future of research. ICCS 2009: ‘Compute. Discover. Innovate.” was hosted
by the Center for Computation and Technology at Louisiana State University
in Baton Rouge. Talks and presentations at this conference focused on new ap-
plications for high-performance computing, including petascale algorithms, tools
and applications, high-speed optical networks such as the Louisiana Optical Net-
work Initiative, or LONI, distributed data management and sharing, and new
software programs for biomedical, science and humanities research. The confer-
ence included tutorials, a main track session with 5 keynote speakers and 60
accepted, peer-reviewed papers as well as 13 workshops with 138 accepted peer-
reviewed papers. Advancing computational science would not be possible with-
out engaging students and young scholars. Through participation in tutorials,
workshop and general session paper presentations, the students learned about re-
cent advances and developments in computational science. This year ICCS 2009

! Blue Ribbon Panel Report: www.nsf .gov/pubs/reports/sbes_final_report.pdf
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co-funded with the National Science Foundation a conference student scholarship
for around 50 students, mostly from the state of Louisiana. ICCS is committed
to helping students and young researchers enhance their professional develop-
ment through participation in ICCS. During this year’s conference two different
tutorials were offered to participants: (i) Parallel Performance Evaluation Tools
for HPC Systems by Allen D. Malony, University of Oregon, Markus Geimer,
FZ Jiilich, Andreas Kniipfer, TU Dresden, and Rick Kufrin, NCSA /University
of Tlinois and (ii) Developing HPC Applications with the Cactus Framework by
Erik Schnetter, Frank Loeffler, Eloisa Bentivegna, CCT-LSU. The general main
track of ICSS 2009 was organized in about 20 parallel sessions addressing the
following topics:

e-Science Applications and Systems
Scheduling

Software Services and Tools

New Hardware and Its Applications
Computer Networks

Simulation of Complex Systems
Image Processing

Optimization Techniques
Numerical Methods

Image processing and visualization

Number of papers on different topics

Short papers

Numerical algorithms

Simulation of Complex Systems
Computer Networks Number of papers

Software services and tools

Scheduling and Load Balancing

e-Science Applications and Systems

10 12 14 16

Fig. 1. Number of papers in the general track by topic

Figure 1 presents the number of papers on different topics.
Keynote lectures were delivered by:

— Marian Bubak: Environments for collaborative applications: An answer to
computational science challenges?
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— Janice Coen: Computational modeling of wildland fire behavior and weather
for research and forecasting,

— Vittoria Colizza: Computational epidemiology: a new paradigm in the fight
against infectious diseases,

— Peter Coveney: Grid computing at the petascale,

— Mark Jarrell: Massively parallel and multi-scale simulations of strongly
correlated electronic systems

We would like to thank all keynote speakers for their interesting and inspiring
talks and for submitting the abstracts and papers for this proceedings volume.

Number of papers in workshops

Intelligent Agents

Computer Graphics and Geometric Modeling
Collaborative Environments

Tools and Software Engineering
Computational Finance

DDDAS

GeoComputation Number of papers

Atmospheric and Oceanic Computational Science

Computational Chemistry

Teaching Computational Science

Using Emerging Parallel Architectures for
Computational Science

Bioinformatics' Challenges to Computer Science

Simulation of Multiphysics Multiscale System

Fig. 2. Number of papers in workshops

The conference also offered 13 workshops:

Teaching Computational Science

Computational Chemistry and Its Applications

— Dynamic Data-Driven Application Systems

Tools for Program Development and Analysis in Computational Science and
Software Engineering for Large-Scale Computing
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— Simulation of Multiphysics Multiscale Systems

— Workshop on Computational Finance and Business Intelligence

— Bioinformatics’ Challenges to Computer Science

— Using Emerging Parallel Architectures for Computational Science

— Collaborative and Cooperative Environments

— Computer Graphics and Geometric Modeling

— Intelligent Agents in Simulation and Evolvable Systems

— Atmospheric and Oceanic Computational Science

— Geo Computation

Figure 2 presents the number of papers in the workshops.

Number of papers by country

20 30 40 50 60 70 80

Number of
papers by
country

Fig. 3. Number of accepted papers by country




Preface X

The selection of papers for the conference was possible thanks to the hard
work of the Program Committee members and about 390 reviewers; papers sub-
mitted to ICCS 2009 received three reviews each. ICCS is a truly international
conference, and papers were accepted from 26 countries. The international dis-
tribution of papers accepted for the conference is presented in Fig. 3. The ICCS
2009 participants equally represent all continents.

The ICCS 2009 proceedings consist of two volumes; the first one, LNCS 5544,
contains the contributions presented in the general track and workshops 5, 7 and
12, while volume LNCS 5545 contains papers accepted for the other workshops.
We hope that the ICCS 2009 proceedings will serve as an important intellectual
resource for computational and computer science researchers, pushing forward
the boundaries of these two fields and enabling better collaboration and exchange
of ideas. We would like to thank Springer for a very fruitful collaboration during
the preparation of the proceedings.

At the conference the best papers from the general track and workshops were
nominated and presented on the ICCS 2009 website; the awards were funded by
Elsevier. A number of papers will also be published as special issues of selected
journals.

We owe thanks to all workshop organizers and members of the Program
Committee for their diligent work, which has ensured the very high quality of
the ICCS 2009. We are indebted to all the members of the Local Organizing
Committee for their enthusiastic work towards the success of ICCS 2009, and
to numerous colleagues from CCT for their help in editing the proceedings and
organizing the event. We owe thanks to the ICCS 2009 sponsors: Intel, SiCortex,
NSF, Elsevier, CCT and LSU Foundation for their generous support.

We wholeheartedly invite you to once again visit the ICCS 2009 website
(http://www.iccs-meeting.org/iccs2009/), to recall the atmosphere of those May
days in Louisiana.

May 2009 Gabrielle Allen
Jarek Nabrzyski

Ed Seidel

G. Dick van Albada

Jack J. Dongarra

Peter M.A. Sloot
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Abstract. The Third Workshop on Teaching Computational Science, within the
International Conference on Computational Science, provides a platform for
discussing innovations in teaching computational sciences at all levels and
contexts of higher education. This editorial provides an introduction to the work
presented during the sessions.

Keywords: computational science, teaching, parallel computing, e-Learning,
collaborative environments.

1 Introduction

Today’s technology-driven societies require students who have been trained in
technology-based environments, such as computational science. Until recently,
computational science education was too costly and impractical for most academic
institutions of higher learning. Now, however, such institutions can integrate methods
from computer science, mathematical modeling, simulation, and scientific
visualization, among others, to create virtual laboratories for in-silico experimentation
and learning. The interaction of computational methods allows teachers and students
to pose more intriguing questions in lower cost experimental settings. Thus, higher
education is currently witnessing the rapid adoption of computational tools and
methods by science teachers around the world. In the past few years, many teachers
have shared experiences on the use of high performance, as well as not-so-high
performance, computing facilities in order to promote the benefits and importance of
computational science instruction in science classrooms. The Third International
Workshop on Teaching Computational Science (WTCS2009), held in Baton Rouge,
Louisiana, U.S.A., in conjunction with the International Conference on
Computational Science (ICCS 2009) offers a technical program consisting of
presentations dealing with the state of the art in the field, following the successful
2008 WTCS in Krakow, Poland [1]. The workshop includes presentations that
describe innovations in the context of formal courses involving, for example,
introductory programming, service courses and specialist undergraduate or
postgraduate topics.

G. Allen et al. (Eds.): ICCS 2009, Part II, LNCS 5545, pp. 32009.
© Springer-Verlag Berlin Heidelberg 2009
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2 The Workshop

During the workshop sessions, we had 12 oral and 2 poster presentations. Nguyen et
al discussed interesting approach to statistical methods to infer knowledge during the
learning process. Landau proposes that teaching within this research-like, problem-
solving approach is a more motivating and efficient technique than teaching the
various disciplines separately. Jacobs presents an interesting experience and provides
access to web material, which could be useful to prepare other similar programs.
Bloomfield describes the use of R, a language typically used in computational science
and engineering, as a useful tool in computational science teaching. Muresano
describes a new innovative masters degree program with the aim of introducing
students to core concepts such as large scale simulation and high performance
computing. Shiflet describes successful strategies for managing epidemics in a
microbiology course, where science students are usually unaware of potential
advantages and complexities. Del Vado discusses an intelligent tutoring system for
teaching data structures, an important subject in computational science training.
Gavilanes describes an interesting tool for use in introductory classes, which allows
students to focus on schemas and algorithm design rather than language syntax. Borne
presents a computational science program centered on data representation and
visualization covering a broad range of physical and biological sciences. Stevenson
proposes extending classical argumentation structures as the basis for computational
science education. Liu provides a summary of simulation and modeling process that
illustrate how teaching tools can be used and how increasingly complex models can
be introduced. Wallin presents the structure and goals of the first two years of a
computational mathematics program, along with some observations about the
elements that we have found that have been challenging in its implementation.
Finally, as poster presentations, Gallardo presents an approach to adaptation to
European Credit Transfer System, and Parker presents a new mathematics elective for
an undergrad computational science program.

3 Conclusions

The presentations in ICCS 2009's Third International Workshop on Teaching
Computational Science (WTCS2009) illustrate the variety and depth of computational
science education around the world. Moreover, the growing success of the workshop
attests to the increasing interest in this important interdisciplinary area.

Acknowledgments. We would like to acknowledge P.M.A. Sloot and D. van Albada
for their continuous support and commitment to the success of this workshop.
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Abstract. The core of adaptive system is user model containing personal
information such as knowledge, learning styles, goals which is requisite for
learning personalized process. There are many modeling approaches, for
example: stereotype, overlay, plan recognition... but they do not bring out the
solid method for reasoning from user model. This paper introduces the
statistical method that combines Bayesian network and overlay modeling so
that it is able to infer user’s knowledge from evidence collected during user’s
learning process.

Keywords: Bayesian network, overlay model, user model.

1 Introduction

User modeling is the new trend of enhancing the adaptability of e-learning system.
User models are classified into: stereotype model, overlay model, differential model,
perturbation model, plan model.

e Stereotype [27] is a set of user’s frequent characteristics. In general, stereotype
represents a category or group of learners.

¢ In overlay modeling, learner model is the subset of domain model. The domain is
decomposed into a set of elements and the overlay model is simply a set of
masteries over those elements.

e Differential model is basically an overlay on expected knowledge, which in turn
is an overlay on expert’s domain knowledge.

e Perturbation model represents learners as the subset of expert’s knowledge plus
their mal-knowledge.

Modeling user must follow three below steps:

o [Initialization is the process that gathers information and data about user and
constructs user model from this information.

e Updating intends to keep user model up-to-date.
e Reasoning new information about user out from available data in user model.

G. Allen et al. (Eds.): ICCS 2009, Part II, LNCS 5545, pp. 5 2009.
© Springer-Verlag Berlin Heidelberg 2009
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Reasoning is complex but essential and interesting, especially, there is need to deal
with uncertain or imprecise information in user modeling. For example, answering the
question: “The student failed the exam, so most probably he doesn’t master the
knowledge” is involved in processing uncertain information. The approaches which
solve this problem primarily base on theory of artificial intelligence (Al) or statistics.
Both Al and statistics have particular advantages and drawbacks but statistical method
is appropriate to evaluate learner’s performance by collecting evidence. Bayesian
network which is the marriage between Bayesian inference and graph theory has a
solid mathematical fundamental. Additionally, overlay model can represent very
clearly user’s knowledge.

In this paper, we propose the combination of overlay model and Bayesian network
so that it is able to take full advantages of strong points of both of them.

Section 2: survey of Bayesian inference and Bayesian network, the core of our
method. Section 3: Applying Bayesian network to overlay model. Section 4:
Evaluation of this method and conclusion.

2 Bayesian Network

2.1 Bayesian Rule

Bayesian inference, a form of statistical method, is responsible for collecting evidence
to change the current belief in given hypothesis. The more the observed evidence, the
higher degree of belief in hypothesis is. First, this belief is assigned an initial
probability. Note, in classical statistical theory, the random variable’s probability is
objective (physical) through trials. But, in Bayesian method, the probability of
hypothesis is “personal” because its initial value is set subjectively by expert. When
evidence is gathered enough, the hypothesis is considered trustworthy.

Bayesian inference is based on Bayesian rule with some special aspects:

P(EIH)*P(H
ps 1y < PEVHD P "
P(E)

H is probability variable denoting a hypothesis existing before evidence

E is also probability variable notating an observed evidence

P(H) is prior probability of hypothesis. It is also hypothesis’ initial value

P(H | E), conditional probability of H with given E, is called posterior probability.
It tell us the changed belief in hypothesis when occurring evidence

P(E | H) is conditional probability of occurring evidence E when hypothesis is true.
In fact, likelihood ratio is P(E | H) / P(E) but P(E) is constant value. So we can
consider P(E | H) as likelihood function of H with fixed E.

P(E) is probability of occurring evidence E together all mutually exclusive cases of

P(E)=I§P(EIH)*P(H)

hypothesis. If H and E are discrete, , otherwise

fley=[f(elh)f(h)dh with h and e being continuous, f denoting probability
density function. Because of being sum of products of prior probability and
likelihood function, P(E) is called marginal probability.

Note: H, E must be random variables according to statistical theory.
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2.2 Bayesian Network

Bayesian network is combination of graph theory and Bayesian inference. It having a
set of nodes and a set of directed arcs is the directed acyclic graph (DAG). Each node
represents a random variable which can be a evidence or hypothesis in Bayesian
inference. Each arc reveals the cause-effect relationship among two nodes. If there is
the arc from node A to B, we call “A causes B” or “A is the parent of B”, in other
words, A depends conditionally on B. Otherwise there is no arc between A and B, it
asserts the conditional independence. Note, in Bayesian network context, terms: node
and variable are the same.

A node has a local conditional probability distribution (CPD). If variables are
discrete, CPD is simplified as table (CPT). When one node is conditionally dependent
on another, there is a corresponding probability (in CPT or CPD) measuring the
influence of causal node on it. In case node has no parent, its CPT degenerate into prior
probabilities.

For example, in figure 1, event “cloudy” is cause of event “rain” or “sprinkler”,
which in turn is cause of “grass is wet”. So we have three causal relationships of:
1-cloudy to rain, 2- rain to wet grass, 3- sprinkler to wet grass. This model is expressed
below by Bayesian network with four nodes and three arcs corresponding to four
events and three relationships. Every node has two possible values True (1) and False
(0) together its CPT.

P(C=1} PB{C=0)
0.5 0.5

P(S=1) P(3=0)
0.5 05

¢ |P(R=1) PR(R=0)

TTEEE
0| 02 0.8

R 5 |pw=1) pow=n)

11 [oss oo

1o |03 02

01 |os 0l

00 o L0

Fig. 1. Bayesian network (a classic example about “wet grass”)

Suppose we use two letters x; and pa(x;) to name a node and a set of its parent,
correspondingly. X is vector which was constituted of all x;, X = (x;, x2,..., X,,). The
global joint probability distribution p(X) being product of all local CPDs or CPTs is
formulated as:

n
p(xl, x2,...,xn) = 'Hl p(xil pa(xi)) )
1=



8 L. Nguyen and P. Do

Suppose €; is the subset of pa(x;) such that x; must depend conditionally and
directly on every variable in Q; In other words, there is always an arc from each
variable in ; to x; and no intermediate node between them.

Thus, formula 2 becomes:

p(x1,x2,...,xn) = ﬁl p(xi 1 Qi) (€)]
=

In figure 1, according to formula 2:
P(C. RS, W)=p(O)pRIC)p(SIC)pWIC,R,S)

Applying formula 3, p(S | C) = p(S) due to the conditional independence assertion
about variables S and C. Furthermore, because S is intermediate node between C and
W, we should remove C from p(W | C, R, S), hence, p(W I C, R, §) = p(WIR, S). In
short, the expansion of formula 3 is shown below:

ACRSW)=pOpSNRIOpWIR.S) )

2.3 Inference in Bayesian Network

Using Bayesian reference, we need to compute the posterior probability of each
hypothesis node in network. In general, the computation based on Bayesian rule is
known as the inference in Bayesian network.

Reviewing figure 1, suppose W becomes evidence variable which is observed the
fact that the grass is wet, so, W has value 1. There is request for answering the
question: how to determine which cause (sprinkler or rain) is more possible for wet
grass. Hence, we will calculate two posterior probabilities of S (=1) and R (=1) in
condition W (=1). These probabilities are also called explanations for W.

X p(C,R=1SW=10

C,S

(R=11W=1)==

b > p(C.RSW=1) (5
C,R,S

> p(C,R,S=1LW=1)

C.R
S=1I1w=)==-
i T RS ©)
R,S

S I\,

In fact, formulas 5 and 6 are expansion of formula 1. Applying (4) to (5) & (6):
p(R=11W=1)=0.4475/0.7695=0.58 1<p(S=11W=1)=0.4725/0.7695=0.614

It is concluded that sprinkler is the most likely cause of wet grass.

3 Applying Bayesian Network to Overlay Model

The basic idea of overlay modeling is that the user model is the subset of domain
model. Straightforward, the domain is decomposed into a set of knowledge elements
and the overlay model (namely, user model) is simply a set of masteries over those
elements. Suppose that the mastery of each element varies from 0 (rnot mastered) to
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1 (mastered), to wit weighted overlay. The relationship of element A to element B is
often prerequisite relationship, so, we can deduce that user must comprehend A before
learning B. Then the expert model is the overlay with 1 for each element and the
learner model is the overlay with at most 1 for each element.

Although overlay model is the simple but powerful method to represent user model,
it does not provide the way to infer user’s knowledge from evidence collected in user’s
learning process. Overlay modeling should associate with other statistical approach in
solving this problem and Bayesian network is the best choice. So, we combined
Bayesian network and overlay model by following steps:

1. The structure of overlay model is considered as Bayesian network. Thus,
knowledge elements in domain become variables (or nodes) in Bayesian network.
Instead of using the weight of each element as above, we assign the probability to
each variable for estimating the mastery of knowledge. All variables are binary
(0 — not mastered and 1 — mastered). Note, knowledge item, knowledge element
and concept are synonymical terms.

2. The prerequisite relationships between knowledge elements are known as the
conditional dependence assertions in Bayesian network. Accordingly, each node
has a CPT.

3. All knowledge elements are defined as hidden variables (hypothesis). Other
learning objects or events (such as: tests, exams, exercises, user’s feedback, user’s
activities) which are used to assess or evaluate user’s performance in learning
process are consider as evidence variables. We must add them to Bayesian
network along with determining the conditional dependence relationship between
them and remaining hidden variable, namely, specifying their CPTs. Inferring
user’s knowledge is to compute posterior probability of hidden variables
(according to formula 5, 6) when evidence variables change their values. This
process can be known as knowledge diagnosis.

CPT ?

Zi CPT ?

Class &
Object

Exercize: setup

CPT?

“ B
class “Humean

CPT ?

Fig. 2. Combination of Bayesian network and overlay model (evidence nodes are unshaded,
otherwise, hidden nodes are shaded)

After completing the three steps described above, creating the learning network
leaves us with two essential conditions:
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e Specifying the structure of model including nodes and arcs. This task is
development of qualitative model done by experts such as teachers, lecturers,
supervisors... or by learning algorithms.

e Specifying the important parameters which are CPTs of all variables. This task
called development of quantitative model is described in section 3.1.

3.1 Specifying CPTs of Variables

Suppose Java course is constituted of four concepts considered as hidden variables
whose links are prerequisite relationships. Additionally, there are two evidence
variables: “Questions > 10” and “Exercise: set up...”. That learner asks more than 10
questions is to tell how much her/his amount of knowledge. Like that, evidence
“Exercise: set up...” proves whether or not he/she understands concept “Class &
Object”. The number (in range 0...1 ) that measures the relative importance of each
prerequisite or evidence is defined by expert or teacher. In other words, this is the
weight of arc from parent node to child node. All weights concerning the child variable
will build up its CPT. Sum of weights of all arcs to/from each child/parent node in case
of hidden/evidence variable should be 1. It means that each weight is normalized.

Your attention please, the relationship between hidden variable (H) and evidence
variable (E) must be from H to A because the process that computes posterior
probability of hidden variable with evidence is the knowledge diagnosis. So, evidence
variable has no child and its parents must be hidden variables. In short, there are two
kinds of relationships:

e Prerequisite relationships among hidden variables.

e Diagnostic relationships of hidden variables to evidence. The mastery of
concepts (hidden) effects on the trust of evidence. However, if learner failed an
examination, it is not sure about her/his lack of knowledge or ability because
she/he can make a mistake unexpectedly.

CPT(C) defined CPT(I) defined

Class &
Ohject

CPT(O) d efined

03
Exercise: setup
class “Human ™
CPT(E) defined

Fig. 3. Bayesian overlay model and its parameters in full (evidence nodes are unshaded,
otherwise, hidden nodes are shaded)

CPT(Q) d efined
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In this example, node J (Java) has three parents: C (Control structure), O (Class &
Object), I (Interface) which in turn are corresponding to three weights of prerequisite
relationship: w;=0.1, w,=0.5, w3=0.4. Conditional probability of J is computed as
follows:

p(J | C, O, I) = Wl*hl + W2*h2 + W3*h3

1if C= 1if O= 1LifI=

0 otherwise 0 otherwise 0 otherwise

Note: {J, C, O, I} is complete set of mutually exclusive variables (of course, each
also variable is random and binary). Generalizing about formula 7, it is that:

n
p(X =11YL,Y2,...Yn) = 3 wi*hi %

i=1

. JlifYi=X
where hi = . with given random binary variables X, Yi. Obviously, p(not
0 otherwise

X1YLY2.. Yn)=1-pX1Yl,Y2,.. Yn)
Applying formula 7, CPT of J, E, Q is determined below:

Table 1. CPTs of J, E, Q. Namely, Ty, T,, T3

T,
cCo 1 pd=1) PJ=0)
I-p =1)
111 1.0 (0.1*1 + 0.5% + 0.4%]) 0.0
110 0.6 (0.1* + 0.5% + 0.4*0) 0.4
101 0.5 (0.1%] + 0.5%0 + 0.4*1) 0.5
100 0.1 (0.1*] + 0.5%0 + 0.4*0) 0.9
01 1 0.9 (0.1%0 + 0.5% + 0.4*1) 0.1
010 0.5 (0.1%0 + 0.5% + 0.4*0) 0.5
00 1 0.4 (0.1%0 + 0.5%0 + 0.4*1) 04
000 0.0 (0.1%0 + 0.5%0 + 0.4*0) 1.0
T;
E pE=1) p(E=0)
1-p(E=1)
1 0.8 (0.8%1) 0.2
0 0.0 (0.8%0) 1.0
T;
Q pQ=1) p(Q=0)
1-p(Q=1)
1 0.2 (0.2*1) 0.8
0 0.0 (0.8*0) 1.0
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Because concepts C, O, I has no prerequisite knowledge for understanding, their
CPTs are specified as prior probabilities obeying uniform distribution (assigned
medium value 0.5 in most cases).

Table 2. CPTs of C, O, I. Namely, Ty, Ts, Ts

P(C=1) P(C=0) P(0=1) P(0=0) Pd=1) PdI=0)
0.5 0.5 0.5 0.5 0.5 0.5

3.2 Inferring User’s Knowledge

Suppose a leaner did well the exercise “Set up... ”” and asked more than 10 question.
That is to say the occurrence of two evidence, namely, E=1and Q = 1. It is
necessary to answer the question: How mastered is learner over the concept “Java’?
Thus, the posterior conditional of hidden variables J with fixed events E =1 and Q=1,
p(J=11C O, E=1, Q= 1), mustbe computed.

According to formula 5, 6:

> p(J=1,C,0,1,E=1,0=1)
p(J=11C,0,1,E=1,0=1)= ¢0,
>  p(J=1,C,0,1,E,Q)
C.,0LEQ
where p(J, C, O, I, E, Q) is global joint probability distribution, p(J, C, O, I, E, Q) =
p(O) * p(0) * p(D * p(EIO) * p(QIO) * p(JIC,O,I).
Applying all CPTs in table 1, 2, 3, 4, 5, 6, it is able to determined p(J, C, O, I, E, Q).
After that, we compute p(J =11C, O,1,E=1, Q= 1) to answer above question.
Note, the set of all parents of a hidden node is the complete set of mutually
exclusive hidden variables and the set of all evidence nodes which are children of a
hidden node is the complete set of mutually exclusive evidence variables.

4 Conclusion

There is no doubt that the combination of Bayesian network and overlay model gives
us the appropriate approach for user modeling but it has two disadvantages:

e The expense of data storage is high. A Bayesian network which has n variables
together n CPTs with 2" parameters (values in CPTs) under constraint: “each
variable is binary (0 and 1)”. If variables are not binary, the number of
parameters are huge, so, it is difficult to store them in memory.

e The computation of posterior probability which is basis of inference consumes
much time when executing in runtime because it is rather complex.

The first cause which is the inherent attribute of Bayesian network can be only
restricted by programming technique when implementing network and it would be best
to declare binary variables. On the other hand, it is the done to use CPT instead of
continuous probability density/distribution function for solving the second problem.

As already discussed, the structure and parameters (CPTs) in our model are fixed
and specified by experts. However, they must be evolved after each occurrence of
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evidence. When learning machine is concerned, structural learning is process of
gradual improving the structure of model and correspondingly, parametric learning is
process of changing the parameters so as to be more suitable. We will discuss the
improvement on qualitative model (structure) and quantitative model (parameters) in
the other paper.
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Abstract. Three of the most important skills for advancing modern
mathematics and science are quantitative reasoning, computational
thinking, and multi-scale modeling. The SUCCEED Apprenticeship pro-
gram gives students the opportunity of exploring all three of these areas.
The SUCCEED Apprenticeship program uses innovative approaches to
get students excited about computational science. The overall goal of
this program is to provide middle and high school students with authen-
tic experiences in the techniques and tools of information technology
with a particular focus on computational science. The program combines
appropriate structure (classroom-style training and project-based work
experience) with meaningful work content, giving students a wide vari-
ety of technical and communication skills. The program provides middle
and high students from ethnically and economically diverse backgrounds
with training and authentic experiences in using computational science.

Keywords: Computational Science, Math, Science, Technology,
Engineering, Modeling, Interactive.

1 Introduction

Shodor, a national resource for computational science in Durham, N.C. is ded-
icated to the improvement of science and mathematics education by promot-
ing the effective use of computer modeling and simulation technologies. The
SUCCEED Apprenticeship program is one of a wide range of programs provided
by Shodor. The overall goal of the SUCCEED Apprenticeship program is to pro-
vide activities and support mechanisms, and mentoring to move students from
an excitement for computational science and Information Technology (IT) to be-
coming an expert in one or more areas of computational science and associated
IT components

The SUCCEED Apprenticeship program provides students with authentic and
appropriate experiences in the use of computational science and advanced tech-
nologies and techniques to study scientific events within the context of science,
mathematics and engineering and to produce evidence that students become
proficient in these skills. In addition to the computational and technical skills,
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the program also enable student apprentices to acquire a set of problem solving,
collaboration and communication skills identified as valuable for 21st century
workforce.

Significant work has proceeded during the program to develop and evaluate
the project methodology of bridging the excitement-expert gap opportunities for
upper middle and high school students in the local area.

2 Program Overview

The SUCCEED Apprenticeship program, which began in January 2006, builds
on Shodors SUCCEED (Stimulating Understanding of Computational science
through Collaboration, Exploration, Experiment and Discovery) program which
provides workshops to introduce middle and high school students to technologies,
techniques and tools of computational science. Once students have shown that
excitement for math and science, they have the opportunity to participate in
the SUCCEED Apprenticeship program. This program allows upper middle and
high school students to work with Shodor staff and other scientists in a learning
or apprentice mode. Apprentices use computational science to conduct scientific
research, create mathematical models of scientific phenomenon and use those
models to perform a variety of science and mathematical experiments.

The SUCCEED Apprenticeship program is targeted towards developing and
evaluating activities and support mechanisms to move students from an ex-
citement for computational science and IT, to becoming an expert in one or
more areas of computational science and associated IT components. The project
looks to primarily answer the question: what programs, activities, and support
mechanisms are required to ensure that excited students become expert stu-
dents in one or more areas, and how is that transition evaluated? The project
methodology looks to bridge the excitement-expert gap by providing long-term,
mentor-supported opportunities for upper middle and high school students in the
local area.

During their participation in the program, apprentices take classes, work in
project teams on local, regional and nationally funded projects, and have nu-
merous opportunities to develop experience, culminating in the development of
expertise in one or more areas of computational science. For example, appren-
tices may work in the field of computational chemistry, helping support Shodor’s
statewide computational chemistry computing services.

Through the combination of appropriate structure and meaningful work con-
tent, the SUCCEED Apprenticeship Program provides outstanding opportuni-
ties for students while providing the project staff with the mechanism by which
to measure and evaluate this pipeline-building program.

3 Participants

The SUCCEED Apprenticeship Program, in its third year, has already surpassed
its goal of working with 100 students over a three-year period. Participants are
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upper middle and rising 9th-12th grade students who have an interest in science,
technology, engineering and mathematics (STEM). Each apprentice is required
to spend 780 hours in the program over the course of two years. Apprentices are
recruited from Shodor SUCCEED workshops, local school-based programs and
summer camp programs. Students are interviewed and admitted based on their
interest in computational science, IT and STEM areas. Apprentices are paid a
stipend over the course of their apprenticeships, which could be extended as long
as two years.

During the Fall of 2007, the SUCCEED Apprenticeship program had approx-
imately 60 applicants, twice as many applicants as we had space available for
in the 2007-2008 class. Applicants were from diverse ethnic and socio-economic
backgrounds. Each applicant completed an online application for consideration
in the program. Each student was interviewed and evaluated in the following
areas: their interest in the program, commitment to the program, teamwork,
communication (both oral and written), and leadership.

After careful review of each applicant’s application, and based on the com-
ments from staff during the interviews, the program enrolled 50 new apprentices
(beginner apprentices) for the 2007-2008 school year.

The new enrollment increased the total number of beginner and advanced
apprentices enrolled in the SUCCEED Apprenticeship program for 2007-2008
school year to 71.

4 Program Structure and Curriculum

During the second and third year of the program, we continued to develop and
evaluate the SUCCEED Apprenticeship program methodology. Apprentices were
divided into cohort 1 (beginner apprentices) and cohort 2 (advanced apprentices)
which depends on when they enrolled in the program. Due to the success and
the number of students enrolled in the SUCCEED Apprenticeship program, the
program has divided the students into different tracks (Track A and Track B).
Students attend workshops depending on the Track in which they selected. Track
A classes were held on the 1st and 3rd Saturday of each month, while Track B
classes were held on the 2nd and 4th Saturdays each month. Both the advanced
and beginner apprentices were divided into Tracks. Thus, classes were held every
Saturday at Shodor for the beginner and advanced apprentices. The Track sched-
ule allowed us to accommodate the large number of students in the program and
to provide flexibility to the students.

Students in their second year of the program worked on different projects for
local organizations. These projects challenged the knowledge of the apprentices
and allowed them to work with real clients in the community. The first year ap-
prentices completed and presented mini-projects on modeling, web design and
other uses of innovative technology. In addition, some apprentices became ap-
prenterns or completed the program to become interns at Shodor.

Throughout the year, all apprentices additionally improve math skills using
computational tools; improve writing skills by completing weekly journals to
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Program Structure and Curriculum

Time
commitment

School Year

= 18 hours per month

Summer

= 6 weeks, full-time

All Students
Must

= attend Saturday workshops
twice a month to learn new
computational science and STEM
skills

= spend additional time working in
the office on projects

= attend career days
and team building
activities

Beginners
(first year)

= attend workshops on basic IT
skills: agent modeling, web
design, programming, graphics

= two-month subject modules
culminating in creative group
projects

= attend classes in
math, journaling,
problem solving,
creative thinking

= help Shodor staff on
STEM projects

Advanced
(second year)

= teams begin projects for actual
clients: mentored by a Shodor
staff members

= workshops on software
development process, high level
design, detailed design,

= work on and
complete client
projects

= projects must pass a
quality assurance

process of verification

database/ER diagrams, user and validation

interface, and testing

Fig. 1. SUCCEED Apprenticeship Program Structure

reflect on what they have learned and improve communication skills through
regular discussions with their mentor and through oral presentation.

5 Program Activities and Findings

There are five major complementary and interdependent activities of the SUC-
CEED Apprenticeship program:

1. Teaching and supporting the appropriate and authentic use of IT-related
technologies, techniques, and tools, with a particular focus on computational
science and its associated areas.

Apprentices attended workshops to gain experience and develop expertise in
one or more areas of computational science and associated uses of the tech-
nologies, techniques, and tools of IT, within the context of stem. Students were
introduced to computational science through a two-week (60-hour), academically
intensive education and research program. Students learned and used advanced
computational science technologies, techniques, and tools to study a wide variety
of scientific events. Topics involved general uses of computational science, basic
numerical methods, scientific programming, model validation and verification
and research methods incorporating computational science.

Throughout the 2007-2008 school year, the apprentices attended workshops,
completed assignments and worked on group projects. Each apprentice had a
time commitment of 18 hours a month at Shodor during the school year and
240 hours during the summer. The 18 hours a month consist of 2 classes and 2
hours a week in the afternoons. The apprentices attended workshops every other
Saturday to learn new computational science and STEM skills. Outside of class,
they were given assignments to practice and use new skills and group projects
to demonstrate the knowledge of a given skill set.
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Apprentices new to the program, beginner apprentices, had a more struc-
tured curriculum. Beginning apprentices attended classes in basic IT skills such
as agent modeling, web design, programming and graphics. Their work was or-
ganized into modules of two to three month durations. After a module was com-
pleted, apprentices worked in teams to complete assigned projects. During the
summer, the beginner apprentices attended classes in math, journaling, problem
solving and creative thinking, held career days and team building activities.

Advanced apprentices (students in their 2nd year of the program) focused
on a project based curriculum. All advanced apprentices were assigned to a
team to work with mentors and clients on projects and to receive training as
needed. Advanced apprentices learned advanced modeling, software development
processes, high level design, detailed design, database/ER diagrams, graphics
and quality assurance.

During Fall 2007, the Apprenticeship program added a new component, the
Apprenticeship Math Component (AMC), to help students continue to improve
their math skills. The AMC leverages the math resources in Shodor’s award win-
ning Interactivate courseware. Students are required to complete an associated
set of activities in Number/Operations, Geometry/Measurement, Algebra and
Probability /Statistics that are graded according to a rubric specific to the topic.
Additionally, students are asked to write about the mathematics in the activity
and assess the associated materials. Students are required to correct their work
until it meets a particular score valued from the rubric.

All apprentices are required to re-work all of their assignments and projects
until the quality of their work meet the rubrics or standards set by the staff
and mentors. Once apprentices meet the requirements for class attendance, as-
signments and projects they receive a stipend. Stipend deadlines are set for four
times throughout the year.

2. Provide mentors to define individual goals and timelines, and provide guid-
ance through technical difficulties. Mentors monitor work progress as well as
skill development for individual interns. In addition, mentors are responsible for
overall research team dynamics,distribution of work and project oversight.

In addition to students attending classes, the SUCCEED Apprenticeship pro-
gram continues to focus on mentoring students. The SUCCEED Apprenticeship
program seeks to implement a ’true’ apprenticeship program where young peo-
ple learn from working with and learning from those with more experience.
Shodor has approximately 18 staff who have a range of expertise in compu-
tational physics, biology, chemistry, math as well as computer science, system
administration, graphics and web design. Each staff is assigned to mentor 6-7
students. Students are required to meet one hour per month with their men-
tor. Communication between mentors, program coordinator and parents is also
on-going throughout the program.

In addition to monthly meetings, mentors track progress and skill development
of apprentices by reviewing the apprentices weekly reflections (questions stu-
dents have to answer weekly), progress on individual assignments and projects.
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Many students receive additional mentoring from staff when they need help
understanding and/or completing out of class assignments and projects. Staff
also mentor and provide leadership for the advanced apprentices as they work in
research teams on their projects. Staff help facilitate project plans, design and
set up meetings with project clients.

3. Provide opportunities for apprentices to work on local, regional and nation-
ally funded projects. The projects are done as a learning process, and thus will
require intensive guidance to ensure quality workmanship.

Throughout the program, apprentices are provided with the opportunity to
work on local, regional and nationally funded projects. During Fall 2007 and
Spring 2008, we continued to partner with local organizations to provide real
world experience for our advanced apprentices’ projects. These projects range
from working with with local organizations to learning and developing skills for
Shodor’s award winning resources such as CSERD (www.shodor.org/refdesk)
and Interactivate projects (www.shodor.org/interactivate).

4. Providing instruction and opportunities to practice a wide variety of com-
munication skills, including working effectively in a group, interacting with
customers and clients, teaching younger students about the technologies and
exercising leadership.

The SUCCEED Apprenticeship program provides opportunities for appren-
tices to practice a wide variety of communication skills, including working effec-
tively in a group, interacting with clients as well as teaching STEM workshops for
younger students. During 2007-2008, apprentices had to prepare presentations
and present several projects they worked on to demonstrate their knowledge of
the skills they learned. The presentations helped the apprentices improve their
communication skills.

Apprentices were also given the opportunity to teach workshops about com-
putational science technologies and tools to younger students at Shodor work-
shops. Apprentices taught workshops from system and agent modeling to system
administration to middle and high school students.

5. Providing formal and informal opportunities in critical thinking, includ-
ing data retrieval, data organization and analysis, application of evidence-based
reasoning, problem-solving, creative thinking and decision making.

The SUCCEED Apprenticeship provides many opportunities for apprentices
to use and demonstrate critical thinking skills. Apprentices must attend classes to
learn computational science and STEM skills every other Saturday. Apprentices
were given assignments to practice and use new skills. In addition, apprentices
completed group projects to demonstrate a given skill set. Advanced appren-
tices worked in project teams to integrate various technical skills needed for the
completion of their projects. These projects required that the apprentice use
a variety of innovative skills as well as problem solving. Advanced apprentices
learned and used skills such as modeling, PHP, MySQL, CSS, HTML, Javascript
and Googlemap for their projects.
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6 Evaluation

An extensive evaluation of the value added and the measurability of the Ap-
prenticeship program is assessing the extent to which the appropriate structure
and meaningful work content effectively develops students to become an expert
in the areas of computational science and associated IT components. For 2007-
2008, the SUCCEED Apprenticeship program had an overwhelming number of
applicants for the program. For Fall 2007, we had a total number of 71 students
enrolled in the program. We continued to evaluate the program’s success and to
improve the effectiveness of the program’s structure and curriculum. Evaluation
data combines students’ participation, completion of assignments, journals, re-
sponses to routine surveys, as well as feedback from staff and others involved in
the program.

In addition to working on their assignments and projects, apprentices are
required to complete a web portfolio that displays their skills and knowledge
learned at Shodor. Since the program began in 2005, an extensive evaluation
process has helped us continually improve the effectiveness of the program’s
structure and curriculum. Not only have applications increased over the past
three years, the percentage of students who stay with the program has nearly
doubled. With the first group of program graduates, we see that these appren-
ticeships have been successful in maintaining apprentices’ interest in science,
math and technology as shown by their completion of the program and their
career plans.

Goal 1: To build and maintain excitement for math and science in a diverse
demographic of middle and high school students. The data presented below in
Figure 2 show that the program has continued to attract and retain a diverse
demographic of middle school students. Advanced Apprentices: In Fall 2007,
29 apprentices remained in the program through the summer of 2007. Twenty
of these apprentices, then in their second year, returned for fall 2007. Four of
these were accepted as Shodor Interns. Of those who returned the breakdown
by gender and ethnicity was as follows: Female: 35%; African-American: 26%;
Other Minorities: 26%. The largest subgroups were White Males and Minority
Females. In addition, 14 apprentices continued in the program through Summer

Apprentices
Entering 2005

18%

Entering 2007
4

20%

18% anad%™® =
@ Asian/Pacific Female @ Asian/Pacific Male

Female @ Af Male
Hispanic Female @ Hispanic Male
@ Mixed Female @ Mixed Male
@ White Female @ White Male

Each year, the project has attracted a more ethnically diverse
group. In the first year, only five of the ten groups listed were
represented; now all are.

Fig. 2. SUCCEED Apprenticeship Demographics
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Computer programming or engineering 13
Math or science 6

Medical 12
Other 8
Don't Know/No answer 8

Fig. 3. Apprentices Interest in STEM areas

of 2008 and completed advanced IT projects as described in a later section of
this report. The breakdown by gender and ethnicity of this population was as
follows: Female: 43%; Minority: 64%.

In a addition, to a diverse group of students, the SUCCEED Apprenticeship
program also seeks to increase or maintain student’s excitement for STEM. We
have taken persistence in intention to pursue a career in STEM or a STEM-
related career. as an indicator of excitement for STEM. Soon after being recruited
in Fall 2007 beginning apprentices responded to a questionnaire that asked,
among other items, to indicate their career goals.

GOAL 2. To enable student apprentices to acquire a set of technical, problem
solving, collaboration and communication skills identified as valuable for the
IT-intensive workplace.

This goal encompasses both computational science and technical (IT) skills
and workplace (SCANS) skills which were assessed separately as follows.

Basic Skill Level - Technical Skills

The structure of the program, developed over the past three years, provides pre-
liminary instruction followed by hands-on experience for all apprentices during
the first year of the apprenticeship. At the end of the first year mentors rated
beginning apprentices on a 1-5 scale on ability at the basic level to use the skills
that had been taught. Mentors ratings are listed below as High(4 -5), Medium
(3.0-3.9), Low (1-2.9).

Number of Apprentices at Each Level of Proficiency
Cohort 3, Year 1

No

;‘:\3\ S H'g;; M"dl [“’“'4 R‘“’"i Some apprentices have become more
e proficient than others b!.l[ it is important to
Control & . g g note that all have been introduced to these

- computer programs; those apprentices
';;;VZCL,CSS :i 13 l; g who are retained in the program will
Graphics F 28 y o continue to improve these skills.
PHP 0 35 0 0
NetLogo 24 5 2 5
EXCEL 19 5 3 8

Fig. 4. Basic Skill Level
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Number of Apprentices at Each Level of Proficiency
Cohort 2, Year 2

N=14
No

High | Med | Low | Rating
Source
Control 5 3 0 4
UNIX “ 8 2
HTML/CSS 8 6 0
Graphics 6 8 0
PHP 8 4 2
MYSQL 6 6 2
EXCEL 14 0 0
Obj. Orient.
Prog. i 7 0

Fig. 5. Advanced Skill Level

Advanced Skill Level. Technical (IT) Skills

During the apprentices’ second year these skills are developed further through
individual and group projects that involve planning, execution, problem solving,
reporting and presentation. As noted above, Advanced Apprentices were required
to attend classes but were allowed more flexibility in hours since group projects
are the main focus of the second year and successful completion of projects is
the goal.

During the Summer session all Advanced apprentices participated actively
in complex projects that required the use of IT skills well beyond the basic
level. As in the previous year advanced apprentices were divided into four teams
to work with mentors to design and produce interactive websites for clients in
the community. At the end of the summer session each group prepared and
presented a presentation to the sponsors of the project. Successful completion
and acceptance by clients is clear evidence of the attainment of I'T skills.

In addition to continuing informal assessment and feedback to apprentices,
mentors rated the Advanced Apprentices (Cohort 2) at the end of their second
year on a scale of 1-5 on a range of IT skills. For this rating the criteria were
more stringent than on the rating after the first year. Those given a rating of 4-5
were deemed expert and able to teach the skill to others. A rating of 3 indicated
successful use of the skill in projects assigned and completed. Although a rating
of 1 was possible, none of the apprentices received this rating, indicating that all
apprentices had developed at least a minimum level of proficiency in every skill.

The results of the assessment by mentors who have been actively engaged
with apprentices indicates that, with very few exceptions, all apprentices who
persisted in the program are able to use the IT skills listed above at an expert
or practical level in any environment where these skills are required.

GOAL 4: To gather evidence of the effectiveness of this structure for increas-
ing participation of traditionally underrepresented demographic groups in IT-
intensive workplaces.
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The Apprenticeship program, as it has developed over three years, enables
students of diverse backgrounds to gain IT proficiency. We have shown that
students of diverse racial and ethnic backgrounds have gained proficiency in a
wide range of IT skills. T he percentage of underrepresented groups remains
high among the apprentices who persist through the entire 26-week program. In
addition, many students who have participated in the program expect to have
IT-related careers and thus will take their places in IT-intensive workplaces
as they move into the adult workforce. An interesting and unusual aspect of
the population of apprentices in the program is the high percentage of African
American females. We believe that interaction between students of diverse races,
ethnicities and genders in a learning environment where respect for all students,
as well as mentors and instructors, is the norm and is expected and required has
been an important aspect of the program.

The results of the assessment by mentors who have been actively engaged
with apprentices indicates that, with very few exceptions, all apprentices who
persisted in the program are able to use the IT skills listed above at an expert
or practical level in any environment where these skills are required.

7 Summary

The first two of three groups (cohorts) of Apprentices have now completed the
2-year Apprenticeship program and a third group is continuing through the
current year. Since enrollment in the program began in late 2005 a total of 124
students have been admitted into the program; 86 have completed the first year
of the program and 29 have completed the full 26-week program. Approximate
20 additional apprentices are expected to complete the full program in Summer
2009.

For three successive years the project has been notably successful in recruit-
ing a diverse group of students and in maintaining diversity in the groups who
have persisted through the full program. The program has also been success-
ful in maintaining apprentices’ interest in STEM and STEM-related careers.
The program, now entering its final year, is expected to continue the cur-
riculum and other practices that have been tested and found to be effective
over the past three years. The curriculum, lesson plans and resources are be-
ing made available for others interested in developing a similar program at
(http://shodor.org/succeed /curriculum/apprenticeship/).
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Abstract. Modern biology has become a much more quantitative sci-
ence, so there is a need to teach a quantitative approach to students.
I have developed a course that teaches students some approaches to
constructing computational models of biological mechanisms, both de-
terministic and with some elements of randomness; learning how con-
cepts of probability can help to understand important features of DNA
sequences; and applying a useful set of statistical methods to analysis
of experimental data. The free, open-source, cross-platform program R
serves well as the computer tool for the course, because of its high-level
capabilities, excellent graphics, superb statistical capabilities, extensive
contributed packages, and active development in bioinformatics.

1 Introduction

1.1 The Need for a More Quantitative Bbiology

The Executive Summary of the influential 2003 report from the National Academy
of Sciences, “BIO 2010: Transforming Undergraduate Education for Future
Research Biologists” [1], begins

The interplay of the recombinant DNA, instrumentation, and digital
revolutions has profoundly transformed biological research. The conflu-
ence of these three innovations has led to important discoveries, such as
the mapping of the human genome. How biologists design, perform, and
analyze experiments is changing swiftly. Biological concepts and mod-
els are becoming more quantitative, and biological research has become
critically dependent on concepts and methods drawn from other scien-
tific disciplines. The connections between the biological sciences and the
physical sciences, mathematics, and computer science are rapidly becom-
ing deeper and more extensive.

Quantitative approaches have become particularly prominent in the large-
scale approaches of systems biology and its associated high-throughput tech-
niques: bioinformatics, genomics, proteomics, metabolomics, cellomics, etc.
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High levels of quantitation are also needed in some of the more biophysically-
oriented aspects of biochemistry, molecular and cellular biology, physiology,
pharmacology, and neuroscience.

The increasing use of quantitation at the frontiers of modern biology requires
that students learn some basic quantitative methods at an early stage, so that
they can build on them as their careers develop. To deal with realistic biological
problems, these quantitative methods need to go beyond those taught in stan-
dard courses in calculus and the elements of differential equations and linear
algebra—courses based mainly on analytical approaches—to encompass appro-
priate numerical and computational techniques. The types of realistic biological
problems that contemporary science is facing are generally too large and com-
plex to yield to analytical approaches, and specific numerical answers are usually
desired, so in many cases it makes sense to go directly to computational rather
than analytical mathematical answers.

Modern molecular and cellular biology also demands increasingly sophisti-
cated use of statistics, a demand difficult to meet when many life science students
don’t take even an elementary statistics course.

1.2 Computer vs. Analytical Tools

To add significant instruction in computational and statistical methods to an
already overcrowded biology curriculum poses a challenge. Fortunately, modern
computer tools, running on ordinary personal computers, enable very sophisti-
cated analyses without requiring much analytical or programming knowledge or
effort. In essence, this is a “black box” approach to quantitative biology; but I
contend that using a set of black boxes is better than not using quantitative tools
at all when they would substantially enhance the results of biological investiga-
tions. The challenge, then, is to make students—and more mature scientists—
aware of the appropriate black boxes, their capabilities, and the steps needed to
access those capabilities. With modern computer tools, this requires only a small
amount of programming and an even smaller amount of analytical manipulation.

1.3 The Choice of R as the Computational Tool

R is a free software environment for computer programming, statistical com-
puting, and graphics. The R web site [2] emphasizes statistical computing and
graphics, which it does superlatively well; but R is also a very capable environ-
ment for general numerical computer programming.

R has many characteristics that make it a good choice on which to build quan-
titative expertise in the biochemical sciences. Its capabilities are similar to those
of excellent and widely-used but expensive commercial programs. It runs on Mac
OS, Windows, and various Linux and Unix platforms. It is free, open-source,
and undergoing continual (but not excessive) development and maintenance. It
is an evolving but stable platform that will remain reliable for many years. It
has a wide variety of useful built-in functions and packages, and can be read-
ily extended with standard programming techniques. It has excellent graphics.
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If needed for large, computationally demanding projects, R can be used to in-
terface with other, speedier but less convenient programming languages. Once
its (fairly simple) syntax is learned, it is easier and more efficient than a spread-
sheet. It has many sample datasets, which help with learning to use the program.
It is widely used in statistics, and is increasingly used in biological applications,
most notably the Bioconductor project [3].

Because of these characteristics, R can serve students as their basic quantita-
tive, statistical, and graphics tool as they develop their careers.

2 Syllabus for the Course

The course is designed for one semester. It is divided into four main parts,
with 14 “modules” corresponding to 14 weeks of the course and chapters of the
accompanying textbook [4]. Two additional weeks are allocated for midterm and
final examinations.

2.1 Part 1: The Basics of R

Calculating. In this and the next module, we begin with the most basic as-
pects of R: installing it, checking the installation by demonstrating some of its
impressive graphics, and showing how it can be used as a powerful calculator
with vector and matrix capabilities.

Plotting. An important part of scientific computing and data analysis is graphi-
cal visualization, an area in which R is very strong. R has many specialized graph
types, some of which are explored later in the course. However, for many scien-
tific purposes just a few types will suffice, especially graphs for data, functions,
and histograms. We first give simple examples, and then show how they can be
customized.

Built-in functions, user-defined functions, and programming. The base
installation of R has many built-in functions, including sort and order to ar-
range vectors or arrays in ascending or descending order; all the standard trigono-
metric and hyperbolic functions log(base e), Logl0, exp, sqrt, abs, etc.; and
more sophisticated mathematical functions such as factorial, gamma, bessel,
fft (Fourier transform), etc. Additional mathematical functions, the orthogonal
polynomials used in mathematical physics and chemistry, are available in the
contributed package orthopolynom, available through the CRAN web site [2].
The functions uniroot and polyroot are used to solve for the zeros of gen-
eral functions and polynomials, respectively. In addition to those mathematical
functions, R has numerous others that are useful to scientists, including sorting,
splines, and sampling. We also show how to define new functions, with examples
of Gaussian functions and pH-titration curves.

Programs in R, as in most computer languages, typically consist of a few
standard types of operations: assigning the values of variables and evaluating
expressions involving those variables; conditional execution, in which different
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sequences of statements are executed depending on whether a expression is true
or false; and repetition or looping, in which an action is performed repeatedly
until some condition is met. R is generally thought of as a programming language
for statisticians, but it has the capabilities needed for the sort of numerical
analysis done in most sorts of scientific work. The module concludes with some of
the most common examples: finding the roots of polynomials or other functions,
solving systems of linear and nonlinear equations, and numerical integration and
differentiation.

Other important tasks, such as numerically solving differential equations, fit-
ting data to linear or nonlinear equations, and finding periodicities in data with
spectral analysis and Fourier transforms, are introduced in subsequent chapters.

Data and packages. Up to this point we have mainly dealt with how to
use R for calculating and graphing. In programming for scientific work we also
generally need to get data from various sources, transform it, and save it for later
use. We also will often wish to augment the built-in capabilities of R with more
specialized resources. Many such resources are available as contributed packages
from the CRAN web site [2]. This module deals with those two important topics:
handling data and adding packages.

2.2 Part 2: Simulation of Biological Processes

Equilibrium and steady state calculations. Much of biochemistry, molec-
ular biology, and biophysics deals with the the equilibrium and dynamics of
biochemical reactions. In this module we focus on two important types of time-
independent processes: ligand binding and steady-state enzyme kinetics. These
serve as test beds for showing how to use the plotting and data analysis capa-
bilities of R.

Differential equations and reaction kinetics. In this module we show how
to numerically solve the kinetic rate equations of the sort that describe biochem-
ical metabolism, microbial growth, and similar biological phenomena. These sys-
tems of ordinary differential equations describe the change of concentrations or
numbers of organisms as a function of time.

Population dynamics: competition, predation, and infection. Populat
ions—whether of organisms, cells, or viruses—are of central importance in biol-
ogy. In this module we consider some of the basic models of population dynamics:
competition of different species for resources, predation of one species upon an-
other, and transitions of parts of a population between different states (e.g.,
susceptible, infected, resistant, dead) in epidemics.

Diffusion and transport. The movement of biological molecules in cells or
in lab experiments gives useful insight into their sizes, associations, and mech-
anisms of transport to functional locations. The movement may be random dif-
fusion (Brownian motion), it may be in response to some driving force, or both.
Familiar driving forces in the lab are electrophoretic and centrifugal fields. In the
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cell, active transport and transport by cytoskeletal fibers are important mecha-
nisms. Related situations arise in drug delivery, where the flow of drug from one
compartment of the body to another can be treated by diffusion and transport
models. Diffusion may be coupled with reaction as discussed in a section on reg-
ulation of morphogenesis. In this module we develop simple simulations for some
of these processes. These simulations involve an introduction to the solution of
partial differential equations with both space and time as independent variables.

Regulation and control of metabolism. Metabolism involves not just single
biochemical reactions, but coordinated networks of reactions. These networks are
usually remarkably well-regulated, keeping close to a set-point, a steady state or
dynamic equilibrium in most healthy organisms. Substantial deviation from that
set-point may betoken disease or some other extraordinary circumstance. On the
other hand, biotechnologists may want to manipulate an organism to overpro-
duce a desirable product, controlling its metabolism to deviate from the normal
set-point. In this module we examine these issues of regulation and control by
simulating the behavior of networks of enzymatic reactions.

Models of regulation. This module considers models of regulation in three
different types of biological processes: transcription, response to chemotactic
signals, and patterning of morphogens in cellular development. These are each
huge topics, and we attempt only to present some introductory but instructive
examples that are amenable to numerical simulation. An important theme is
robustness, the ability of a system to maintain suitable functioning in the face
of variations, both temporal and cell-to-cell, of biochemical parameters.

2.3 Part 3: Probability and Sequence Analysis

Probability and population genetics. Up to this point we have mainly
treated deterministic processes, although we have showed how to fit noisy data
and to model stochastic chemical reactions. In fact, most biological data are
intrinsically noisy, or random, due to the underlying nature of the process (e.g.,
mutation or genetic recombination), especially when combined with the often
small numbers of “individuals” in many experiments. This module discusses
basic concepts of randomness and probability, and shows how these concepts
may be applied in a variety of situations, concluding with a brief introduction
to population genetics.

DNA sequence analysis. In this module we introduce some of the elementary
concepts for analyzing DNA sequences in terms of “words” of length 1 (bases), 2
(base pairs), 3 (triplets, such as codons), restriction sites, etc. The analysis uses
the basic probability concepts from the previous module.

2.4 Part 4: Statistical Analysis in Molecular and Cellular Biology

Statistical Analysis of Data. Molecular biologists and biophysicists have
a lot of data to analyze, and R has a lot of tools to help with the analysis.
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We consider three major topics: summary statistics for a single group of data,
statistical comparison of two samples, and analysis of spectral data.

Microarrays. DNA microarrays are one of the key new technologies in biol-
ogy. They are used to measure changes in gene expression levels, to detect single
nucleotide polymorphisms (SNPs) that may be indicators of susceptibility to dis-
ease or useful in forensic analysis, to compare genome content of different cells
or closely related organisms, and to detect alternative splicing in DNA tran-
scription. A microarray may contain ten thousand or more spots, and therefore
can carry out thousands of comparative genetic analyses at once. This enormous
amount of information can provide great insight into genetic regulatory pro-
cesses, but it also poses great challenges to data quality and adequate statistical
analysis. This module provides a brief introduction to these issues.

3 Experience Teaching the Course
3.1 Learning and Using R

At the beginning of the course, students are told to download and install R from
the CRAN (Comprehensive R Archive Network) web site [2]. To my pleasant
surprise, in two offerings of the course to 28 students, none has had any trouble
installing R regardless of their operating system (Mac OS, Windows, or Linux).
An immediate demonstration of some of R’s capabilities is obtained by running
the graphics demonstration demo (graphics).

The syntax of R is relatively simple and students have little trouble with the
basics. The R program, as installed on the students’ computers, has an extensive
Help facility accessed from the menu bar. “An Introduction to R” and “R Data
Import/Export” are likely to be useful as they begin learning the language. Each
function has a help page, with definitions of the inputs, outputs, and options,
and one or more examples of usage. These examples, however, are often terse
and technical rather than readily tutorial.

A problem with the R help system is that you generally have to know the
exact term being searched for, since the help system searches a pre-established
index rather than the full text. For example, trying to learn about correlation
analysis by typing help(correlation) or ?correlation yields “Help topic not
found”. ?corr gives the same result. Finally, "cor" brings up the desired help
page. The functions apropos and help.search may (or may not) be useful in
such cases. Two aids to finding online help about R topics are RSeek [5] and
Search the R Statistical Language [6].

There are numerous online sites devoted to R. A particularly useful one for
rapid reference is R & BioConductor Manual by Girke [7]. Another handy re-
source is the on-line R Reference Card by Short [8].

3.2 Useful Books

Most of the books that teach how to use R (or its progenitor S or commercial
sibling S+) do so in the context of its use as a program for doing statistics.
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Statistics is only one of the foci of the course, but the books by Dalgaard [9] and
Verzani [10] provide useful introductions to R.

More advanced books that use R in a biological context, especially in bioin-
formatics, include those by Deonier et al [I1], Gentleman [I2], Paradis [13],
Gentleman et al [14], and Hahne et al [I5]. The book Stochastic Modelling for
Systems Biology by Wilkinson [16] uses some R code in its treatment of systems
biology.

In my development of this course, I have drawn heavily on Computer Simula-
tion in Biology: A BASIC' Introduction, by R.E. Keen and J.D. Spain (1992) [17].
This book, which appears to be out of print, uses BASIC, an earlier and much
less capable computer language than R; but it has a good selection of topics
and computer simulation examples for an introductory course. Of the many re-
cent books on mathematical and computational biology, the two that fall closest
to my approach, in their selection of topics and in emphasizing computational
rather than analytical approaches, are those by Fall et al [I§] and Allman and
Rhodes [19].

3.3 Student Reaction

The course is intended for advanced undergraduates and beginning graduate stu-
dents who have had basic instruction in biochemistry and calculus-level math-
ematics. In the two offerings thus far, the students have been a mix of senior
undergraduates (most majoring in biochemistry) and beginning graduate stu-
dents (the majority in masters programs in biology or microbial engineering). A
few others have come from other disciplines such as computer science and chem-
ical engineering. Neither group is very strong in analytical mathematics beyond
basic calculus and linear algebra.

This diversity of backgrounds means that some students are stronger in the
biological sciences, and others in mathematics and computers. Students who
have had previous programming experience, but little biology, have performed
better than those with a lot of biology but not much computer background. The
biology students who have had the most difficulty are those whose quantitative
backgrounds and interests are not strong.

Preparation in basic quantitative biochemistry (pH, equilibrium, reaction ki-
netics) is not strong, despite prerequisites. A number of students had particular
trouble with chemical equilibrium calculations, material to which they should
have been exposed in several previous courses. However, this material is notori-
ously difficult for mathematically-challenged students, a description that applies
to many life science majors. It also appears that some of the practical imple-
mentation of equilibrium ideas, such as using difference spectroscopy to measure
the relative amounts of species in a reacting mixture, are not adequately taught
in prerequisite courses.

In a midterm evaluation, most of the students indicated they had a good
understanding of what was expected of them, and that the combination of on-
line lecture notes (the chapters of the book) and comments through the listserv
were adequately clear. Some would have liked more illustrations or examples.
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There was a diversity of opinion about whether the course got them interested
or involved, perhaps because it was a required course for most of the graduate
students. Nearly all agreed that the class required considerably more work than
similar classes they have taken. It probably should be changed from a three-credit
to a four-credit course.

Most of the students seemed to learn a lot, and could do fairly sophisticated
problems by the end of the course. A few students never seemed to develop the
facility, however. Part of this may have been my assumption of too much prior
knowledge, so that theses students became overwhelmed and never caught up.
In addition, most biology students are not used to the idea that they need to
get things exactly right, otherwise the code won’t work.

These difficulties may have been exacerbated by the fact that this has been
taught as an on-line course, though under other circumstances it could certainly
be taught in a regular classroom setting. Some students have indicated that they
would like regular face-to-face sessions, but arranging the timing has proven
difficult. A listserv makes asking and answering questions prompt and straight-
forward, and the students help each other both on the listserv and in group study
sessions; but some of the explanatory and motivational things that typically go
on in class may get shortchanged in the on-line format.

4 Conclusion

Overall, the course has been successful in teaching students from a variety of dis-
ciplines to use computational methods to model and analyze biological phenom-
ena. R is an excellent computational tool for this purpose. The course covers a
wide range of pertinent topics in biochemistry, molecular biology, and biophysics,
many at a level thaat could not be adequately handled without computational
tools. Other instructors could readily modify this list of topics to meet local
needs and interests. Students who master this material are well-prepared to use
high-level computational approaches to modern biology as their careers progress.
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Abstract. Computational Science and Engineering is an inherently mul-
tidisciplinary field, the increasingly important partner of theory and
experimentation in Othe development of knowledge. The Computer Archi-
tecture and Operating Systems department of the Universitat Autonoma
de Barcelona has created a new innovative masters degree programme
with the aim of introducing students to core concepts in this field such
as large scale simulation and high performance computing. An innova-
tive course model allows students without a computational science back-
ground to enter this arena. Students from different fields have already
completed the first edition of the new course and positive feedback has
been received from students and professors alike. The second edition is in
development.

1 Introduction

Computational Science and Engineering (CSE) is the increasingly important
partner of theory and experimentation in the development of knowledge. CSE
requires multidisciplinary work, which allows the undertaking of complex scien-
tific and engineering problems, under the unifying concepts of computing and
mathematics.

Different industrial sectors such as medicine, life sciences, mechanics, econ-
omy, social sciences and management together with engineering use key CSE
techniques, like modelling and simulation, to aid in solving their problems [IJ.

Due to this requirement the Computer Architecture and Operating Systems
(CAOS) department of the Universitat Autonoma de Barcelona (UAB) initiated
an innovative masters programme in Computational Science and Engineering.
The members of the CAOS department have previous experience in these areas,
for some years they have been performing research in the fields of advanced par-
allel and distributed simulation techniques, such as individual orientated simula-
tion in biology and forest fire propagation, using High Performance Computing.

* Supported by the MEC-Spain under contract TIN2007-64974.
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The results of this experience have been a number of masters and doctoral (PhD)
theses as well as research papers and participation in different research projects
funded by the European Union.

The programme has been designed according to the European Higher Educa-
tion Area (EHEA), the so-called Bologna process, the current European stan-
dardised university degree system [2].

The masters programme in CSE is geared towards accepting students of var-
ious backgrounds across different sectors. This includes students from all areas
that make use of mathematical modelling and scientific computing technologies.

Further to the core subjects, depending on the student’s background, a dif-
ferent set of subjects will be offered to complement their knowledge according
to the skills expected at the conclusion of the programme.

Upon concluding the programme, students will have the capability to identify
computational needs in the areas in which they are working. The degree gives
students the option of following either an academic or professional career path.

In this programme students will be given opportunities to join and perform
within a research group as well as the possibility of working with high perfor-
mance computers. Students learn investigation techniques, experience participat-
ing in multidisciplinary groups, and working with other people with expertise in
different areas. These skills are applied in the development of the masters thesis
for students following a research specialisation, or project report for the students
focussing on professional skills.

This paper is written as follows. Section2ldiscusses the course model, both the
process of knowledge standardisation and the core and optional subjects. Section
presents the experiences obtained and observations made after the first year
of running the CSE masters programme, shown using examples of work from
masters theses. Finally, the conclusions are stated in section [l

2 Overview of the Proposed Course Model

The classical concept of three pillars of knowledge, upon which computational
science is based, has driven the model for the masters degree in Computational
Science and Engineering. These three pillars are Mathematics, Computation,
and Science and Engineering as shown in Figure [l The relationship between
these three pillars and the content of the CSE masters programme is discussed
in section

According to the Bologna Process to achieve a masters degree a student must
have completed a total of 300 European Credit Transfer System (ECTS) cred-
its including the bachelor degree (180 ECTS) or graduate (240 ECTS) credits.
This model accepts students who have already completed more than 180 ECTS
credits [3][4].

The core subjects of this masters programme are worth a total of 60 ECTS
credits. The programme is divided in three compulsory subjects and one optional
subject each worth 10 ECTS credits and a project which is worth 20 ECTS
credits. There are nine additional subjects, each also worth 10 ECTS credits.
The complete course structure is shown in Figure 2l
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Fig. 1. Three pillars of Computational Science and Engineering

Students who have already completed 240 ECTS credits and have the requisite
computational science background are able to begin the masters course with the
core subjects, the second year of the programme. Other students may need to
complete all or part of the first year. There are two possible reasons for this, the
first is that the student has only completed 180 ECTS credits, usually analogous
to three years of study under the ECTS. The second reason is that the student
requires additional knowledge to follow the core of the course, this is discussed

further in Section [2.11
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2.1 Knowledge Standardisation

This Computational Science and Engineering masters programme is designed
to accept students from various academic fields. A challenge of this model is
that students may begin the course without sufficient background in one of the
fundamental areas of the course, such as computational science, mathematics, or
parallel applications. In order to solve this problem, the masters programme has
proposed a criteria to help standardise the students’ knowledge in computational
science.

The proposed criteria is based on two phases. The first phase starts with
the analysis of each candidate’s previous academic experience, sent during their
application. In the second phase, once the candidate has been accepted, they
attend an interview with the course director in order to define what additional or
complimentary knowledge they will require. The optional subjects of the masters
programme will provide the opportunity for the student to gain this knowledge.

A multidisciplinary committee will analyse each candidate’s academic experi-
ence in order to define which subjects from the student’s previous studies could
be credited towards the masters course model. Taking into account the number
of ECTS credits which the candidate must achieve to complete a masters de-
gree, a different number of subjects may be required. This analysis takes into
account the areas in which the candidate has previous academic experience, e.g.
a candidate who already has some programming experience will most likely be
better equipped to understand the course core than another candidate with no
equivalent experience. There are a number of different aspects that are taken
into consideration when choosing the optional subjects which will make up the
student’s knowledge standardisation. Some examples are listed in Table [Tl

The possibility of choosing these optional subjects permits the student to com-
pose a more personalised programme. The completion of the optional subjects
also allows the student to follow the course core.

2.2 Core Subjects

The core of the course is comprised of two parts. The first part involves three
core subjects and forms the basis of the skills students will learn in the masters
programme. The second part allows students to orientate themselves towards
research or professional skills, by choosing either the masters thesis or a profes-
sional internship.

While each of the core subjects features aspects of one of the three pillars
more than the others, just like Computational Science and Engineering itself
they are composed of all three key areas. Tools and Environments for Paral-
lel Programming draws mainly from Computing , Modelling and Simulation is
seated mostly within Science and Engineering, and Numerical Treatment of Ap-
plications is based in Mathematics.

Tools and Environments for Parallel Programming. Focusses on intro-
ducing students to parallel programming and the variety of tools available to
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Table 1. Important aspects of a student’s previous experience and examples

Academic The specific topics the student has studied in previous
experience academic courses. This also takes into account additional
certificates and accreditations in relevant fields, e.g. an
economist who has completed a course in financial math-
ematics may not need to take a numerical analysis sub-
ject.

Professional |Particular aspects of the student’s professional career
experience  |which are relevant to the CSE course, e.g. an electronic
engineer who has worked with micro-controller program-
ming will most likely not need to take the introductory
programming subject.

Masters According to the student’s motivation for starting the
orientation |masters programme, whether they are considering a pro-
fessional specialisation or to begin a research career, e.g.
a student wishing to follow a research path would find
subjects such as Methodology for the assignment in com-
putational science or Scientific computation and visual-
isation of most interest.

Area of Corresponding to the field in which the student wishes to
interest apply the knowledge gained in this masters course, dif-
ferent subjects should be considered, e.g. a biologist who
wishes to work in the management of a research centre
which makes use of large scale calculations would attend
subjects oriented towards computer architecture such as
High performance computers or Distributed systems and
GRID.

assist in all stages of the design, construction, and analysis of parallel applica-
tions. In this subject the students must make use of knowledge from all areas of
CSE.

As part of this subject, the student will choose a problem to solve through the
use of parallel computing. The subject is structured around providing the student
with the skills and knowledge necessary to complete this project. The course
begins with introductions to various methods of parallel programming, such as
message passing and shared memory. During this time the student will select a
topic and present it, along with how they propose to create a parallel version, to
the class. In this presentation feedback is given, both by the class instructor and
fellow students. Using this knowledge, the student then goes away to complete
the parallelisation and performance analysis of their project. At the same time
the class topics begin to cover a range of skills that will assist the student in this
task, skills such as performance modelling and analysis, and scalability.

While the student is working on their personal project they may encounter
difficulties, whereupon they are encouraged to seek assistance from their class
instructor. This interaction provides a more personalised approach to teaching,
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Table 2. Course content for Tools and Environments for Parallel Programming

Parallel Message passing, shared memory, and skeletons
programming
Parallel Master-worker, pipeline, and single programme multi-

paradigms ple data
Performance |Performance models, dynamic instrumentation, and
analysis automatic tuning tools

where the instructor can give advice on tools and methods relating to the stu-
dent’s specific problem field.

At the end of the subject, the student will give a second presentation to the
class detailing the process they went through in creating a parallel version of
their problem and the performance that it has achieved.

Throughout this entire process the student will learn far more than how to
write parallel code. They will understand the processes involved in analysing a
serial algorithm and making efficient use of resources in order to parallelise it.

Table [2] shows the subject contents.

Modelling and Simulation. Aims to develop a model which represents a
problem in a specific research field. This permits the student to apply method-
ologies, following scientific criteria, in order to define and extract conclusions
and evaluate performance on the proposed problem.

The student first learns the basics of modelling, the considerations that need
to be made when a real world system is modelled and how the expected outcome
of a model effects decisions about which aspects of a system are important in
the model.

This knowledge is used when the student goes on to learn about the vari-
ous methods of simulation, especially the uses of system dynamics and discrete
event simulation techniques. This leads into the importance of the analysis of
simulation data and design practices.

Throughout a number of classes in this subject specific simulation areas are
presented by experts in their respective fields. The student will understand how
modelling and simulation is applied in real world situations, for example classes
are given by a sociologist with computational experience. The student is shown
a specific social sciences model and the method used to solve it using simulation
software. This hands-on experience teaches the student the techniques and tools
used to solve many kinds of problems. Other use cases give the student the
appreciation of specific aspects of simulation.

During this subject the student will understand not only the basic concepts of
how to develop models of real world systems and simulate them using computer
software, but ways in which this has been applied to specific problem areas.

Table [3 shows the subject contents.

Numerical Treatment of Applications. Teaches students to apply the nu-
merical techniques of computational modelling for applications in specific fields
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Table 3. Course content for Modelling and Simulation

Modelling Types of models (Heuristic and Empirical), applica-
tion field (Conceptual and mathematical), representa-
tion field (Qualitative and Numerical) and verification
and validation

Simulation  |Physical systems and simulation, language and tools,
performance metrics and distributed high performance

simulation
Application |Biological, economic and social systems, and propaga-
use cases tion of forest fires

of science and engineering. This subject is a link between Modelling and
Simulation and Tools and Environments for Parallel Programming just as math-
ematics is the path between a problem and the problem solving process.

In the first part of the subject the student learns mathematical techniques
and how they are applied in a computing system. This covers such topics as
floating-point errors, data mining, and efficient methods for storing data. This
is important when explaining the solving of linear equation systems, where the
student will use different solving methods and compare them using mathematical
software.

The student will choose a topic in the area of statistical modelling which they
will present to the class. This builds upon what the students have already been
taught in class and allows the student to investigate a topic of interest to them in
more depth. Another presentation is given by the student on different techniques
for solving differential and integral calculus. These techniques are analysed and
their potential for parallelisation is investigated.

This method of constant student feedback in the form of projects and presen-
tations given to their peers allows a degree of interaction between the students
and the instructor that gives an insight into these topics with the objective of
identifying and reinforcing the key points.

The subject contents are shown in Table [l

Table 4. Course content for Numerical Treatment of Applications

Mathematics |Application to problem modelling, linear equation sys-
tems, statistics, and integral and differential calculus
Application |Efficient methods of storing information, optimisation
and search methods

Selection of the Master Orientation. Once the student has completed these
three core subjects they will choose the focus of their masters degree. As men-
tioned previously, there are two possible profiles, researcher or professional skills.

Students who choose the research focus for their masters will join one of the
existing research groups and choose a topic in that area. During the first part
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of the course the student will research their chosen area and attend the research
group meetings. This culminates in the final part of the course where they will
write the masters thesis, and must defend it in front of a tribunal.

The students that follow the professional skills course will spend time working
on a computational science project during an internship in a firm. They will then
produce a report about the project and present it to a panel composed professors
from the CAOS department.

Throughout this model students undergo a significant learning process. The
three core subjects, and subsequent project give each student a well rounded
knowledge of all aspects of the three Computational Science and Engineering.

2.3 Optional Subjects

The optional subjects exist to permit students from different areas to standard-
ise their knowledge so that they may better follow the core subjects. Students
with degrees not related to computational science or with bachelor degrees must
choose a set of subjects in order to perform between 10 and 60 additional ECTS
credits, depending on their previous knowledge. These are also the subjects that
students choose from to fill the optional subject space in the course core.

There are nine optional subjects which the students may choose from, each
one worth 10 ECTS credits. These subjects can be split into two groups. The
first five subjects teach knowledge complimentary to the course core, and are as
follows.

— Methodology for the assignment in computational science discusses
the standards and formats used in project financing, writing computational
science projects, and the presentation of results. Students learn the processes
involved in applying for financing for projects and present a mock application
to the other students. This is the subject where students will gain most of
the knowledge they require to present their masters thesis.

— High performance computers describes the computer components used
to create high performance machines, interconnection networks, computing
clusters, fault tolerance techniques, and input/ouput mechanisms. As part
of this subject students research an existing supercomputer and perform an
analysis of it’s components. Students also complete practical work either us-
ing a network simulator or parallel performance simulation software. Upon
completing this subject the student will be able to evaluate different archi-
tectures to choose the most appropriate according to given criteria.

— Distributed systems and GRID introduces students to parallel and dis-
tributed systems across different administrative domains, including program-
ming, performance optimisation, and simulation. During this subject the
students will read a number of seminal papers in the field of distributed sys-
tem and take turns presenting the contents to the other students, followed
by discussions on these topics between the students and the instructor.

— Application principles teaches students to recognise different applications
that need high performance computing and how to identify their require-
ments. In this subject the main goal is to show students the many uses of
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high performance applications in industry. Students hear lectures from in-
dividuals from many different fields that use parallel tools, and can see the
diverse range of areas that make use of them. Students will also choose an
application and design some improvements to it, the results of which are
presented to the class.

The remaining four subjects provide introductory knowledge, which enables stu-
dents to follow the course core, they are listed below.

— Operating Systems assures that students have a standard level of knowl-
edge of the efficient use of operating systems in scientific computation fields.

— Scientific Computation and visualisation teaches the basic techniques
of representing computational results in different scientific fields.

— Introduction to programming gives students a knowledge of program-
ming and debugging in scientific languages as well as the basic concepts of
software engineering.

— Introduction to parallel programming establishes methodologies and
strategies to paralellise applications using message passing and shared mem-
ory libraries.

— Numerical analysis teaches students to resolve differential equation sys-
tems and computational optimisation techniques.

Alongside the course work, there are conferences and seminars organised within
the department, at which presentations are given by relevant people from a range
of academic and professional areas, complementing the students’ studies.

3 Experience Obtained

The Computational Science and Engineering masters programme has already
begun, thus some experiences can be presented. Masters theses have been com-
pleted in different fields, including biology and forest fire propagation. There are
also ongoing projects in other fields, such as social sciences and economics. These
projects have been built upon areas in which the CAOS department already has
experienc. Three examples of masters theses, which were presented and de-
fended in July 2008, will be described here: forest fire propagation prediction[5],
modelling and simulation of fish school movement[d], and parallelisation of the
kriging interpolation method[7]. These topics provide good examples of fields
which make use of the three pillars of computational science and engineering in
order to achieve their objectives.

The prediction of forest fire propagation is possible through the use of compu-
tational science and engineering methods. In this case, science and engineering
provides the moisture burn model, associated meteorological variables and other
input data in order to create the propagation model. Through mathematical
techniques this model can be enhanced with genetic and heuristic. Finally, com-
putation gives the calculation power necessary to produce a set of scenarios based
on these variables.

! http://caos.uab.es/research_projects.php
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The modelling of fish school behaviour is already established and well known
in the field of biological science. However, in this case the numerical model does
not accurately represent reality. Using fuzzy logic it may be possible to achieve
better results. Computation provides the resources required to simulate this
model and the mechanisms to visualise the results in a manner that permits the
biological specialists to refine their original model.

Kriging is a method for interpolating unknown values from data at known
locations, while slower than other methods of interpolation it can provide more
accurate results. By implementing a parallel version of kriging interpolation using
message passing on a distributed memory machine it was possible to significantly
reduce the execution times of the entire process.

These examples show how this course model helps specialists use computa-
tional science and engineering in order to solve their problems.

To appraise the students’ degree of satisfaction the CAOS department pre-
pared a survey where students evaluated the masters programme in general as
well as each specific subject. These results are being used in the development of
the second edition of this course.

4 Conclusion

This paper has presented an innovative model for teaching computational science
and engineering. The focus is providing the opportunity for students with and
without computational science backgrounds to be introduced to this field. Some
positive results have been shown through masters theses, which demonstrate the
effective application of this model.

In the second year of this course, the number of students in the programme
has increased considerably, which indicates the acceptance of this model.
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Abstract. Microbiology is the study of microorganisms. Most college courses
in microbiology emphasize the biology of bacteria and viruses, including those
that are human pathogens. One challenging aspect of the course is to introduce
students to epidemiology, which considers the causes, dispersal, and control of
disease. Although disease transmission models have helped develop successful
strategies for managing epidemics, most science students are unaware of their
advantages and complexities. To address this challenge, the microbiology
course at Wofford College has incorporated a sequence of three or four labora-
tories on modeling the spread of disease. Emphasis in Computational Science
students who have studied modeling and simulation in depth serve as laboratory
assistants and mentors. Evidence from test scores and self-assessment support
the hypothesis that the sequence of laboratories has improved student under-
standing of human disease dynamics and demonstrated the utility of computa-
tional models.

Keywords: computational science, education, modeling, microbiology, spread
of disease.

1 Introduction

Many institutions of higher education offer a junior/senior level microbiology course
to study of the biology bacteria, fungi and viruses. Although these microorganisms
are important part of various ecosystems, many can cause devastating, infectious dis-
eases. Thus, in a course that emphasizes human disease, having epidemiology as a
component of the course is essential. Epidemiology is the study of the causes, disper-
sal, and control of disease.

Computational models of disease transmission have been instrumental in designing
successful strategies for managing epidemics for a number of diseases. For example,
Marc Lipsitch in collaboration with others developed a model for the spread of Severe
Acute Respiratory Syndrome (SARS) and used the model to make predictions on the
impact of public health efforts to reduce disease transmission [1]. As another exam-
ple, using data and mathematical models, the Dutch Ministry of Health, Welfare and
Sports developed "a national plan to minimize effects of pandemic influenza" [2].
Recognizing the benefits of modeling the spread of disease, the National Institute of
General Medical Sciences, one of the National Institutes of Health, has a collaborative
effort, Models of Infectious Disease Agent Study (MIDAS), to develop computational
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models for use by "policymakers, public health workers, and other researchers who
want to better understand and respond to emerging infectious diseases" [3].

To help students appreciate some of the techniques, challenges, and benefits of
computational spread-of-disease models, for three years biologist George Shiflet
has incorporated a sequence of laboratories into Microbiology, a class with 30 to 40
students, at Wofford College [4]. After a tutorial on using a systems dynamics soft-
ware tool, students in pairs investigate various diseases, develop models
of the spread of those diseases, present their work, and write an analysis of the
results.

2 Tutorial in Laboratory 1

System dynamics models provide global views of major systems that change with
time. Thus, such models are appropriate for studying the spread of disease. Fortu-
nately, several easy-to-use systems dynamics tools, such as STELLA®, Vensim®,
or Berkeley Madonna®, are available to create pictorial representations of models,
establish relationships, run simulations, and generate graphs and tables of the
results.

In the first week's laboratory in the sequence on modeling, students have an intro-
duction to the fundamental ideas with a predator-prey model using the systems
dynamics modeling tool STELLA. The concept of rate of change, or derivative, is
crucial to systems dynamics modeling. Even students who have not had calculus or
who have not taken mathematics in several years quickly grasp the concept and de-
rivative notation. In the tutorial, they learn that in unconstrained growth, such as for
the prey in an environment of unlimited resources and no predator, the rate of change
of prey is proportional to the number of prey, or d(prey_population)/dt = growth_rate
* prey_population, where growth_rate is a constant. Figure 1 shows a model diagram
of the prey in such a circumstance. Using systems dynamics software, the user dou-
ble-clicks each component and enters the initial prey population, constant of propor-
tionality, and differential equation for growth, namely growth_rate *
prey_population, in the flow into prey_population. Then, he or she can instruct the
tool to generate a table and graph, such as in Table 1 and Figure 2.

growth prey population

& O y

growth rate

Fig. 1. Unconstrained growth diagram [5]
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Table 1. Partial unconstrained growth table

Time prey population
.00 100.00
25 102.50
.50 105.06
5 107.69
1.00 110.38
1.25 113.14
1.50 115.97
1.75 118.87
2.00 121.84

39 1. prey population
1 51
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B 2649 1/
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-1
e
1 1004
.00 10.00 20.00 30.00 40.0
Page 1 Time 10:20 PM  Sun, Dec 7, 2008
a=s ? Unconstrained Growth

Fig. 2. Unconstrained growth graph

With the introduction of a predator, the model must consider the interaction be-
tween predators and prey. The Lotka-Volterra model has the simplifying assumptions
that the particular predator only hunts the specific prey and that no other animal eats
that prey. Figure 3 shows a systems dynamics diagram for this model.

. prey population
prey births prey deaths

)

3 3

prey birth fraction prey death

proportionality constant

predator population

predator births predator deaths

) 3

3

predator death

predator birth fraction 8 !
proportionality constant

Fig. 3. Predator-prey diagram
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Students quickly grasp that prey births and predator deaths follow the uncon-
strained growth/decay model. However, this prey's population is reduced by an
amount proportional to the product of the number of predators and the prey,
prey_death_proportionality_constant * predator_population * prey_population.
One interpretation considers the product predator_population * prey_population,
which is maximum number of distinct interactions between predators and prey. The
decrease in the number of prey is proportional to this product, where the constant of
proportionality is related to the hunting ability of the predators and the survival ability
of the prey. A second interpretation is that the size of the prey population decreases in
proportion to the size of the predator population.

While the prey population decreases with more contacts, the predator population
increases. Thus, predator_births is predator_birth_fraction * predator_population *
prey_population. Thus, the resulting system of differential equations for the
Lotka-Volterra model is as follows, where p is the number of prey, 4 is the number of
predators, and ki, k», k3, and k4 are constants:

dp
o k,p—kyhp
dh
E = k3ph - k4h

After considering a predator-prey model, students develop a simple SIR (suscepti-
bles-infecteds-recovereds) model of the spread of disease using a systems dynamics
tool, such as STELLA. Figure 4 displays an SIR model diagram. With the analogy of
unconstrained growth/decay for prey births and predator deaths, students quickly un-
derstand the rate recover to be proportional to infecteds, so that recovery_rate * in-
fecteds is the formula in the recover flow. Moreover, just as interactions hurt prey
and help predators, interactions between susceptibles and infecteds result in illness.
Thus, the flow from susceptibles to infecteds gets the formula infection_constant *
susceptibles * infecteds. Figure 5 presents a typical graph of the number of suscepti-
bles, infecteds, and recovereds for the SIR model.

susceptibles oet sick infecteds recover recovereds
N
i 0 ) o
0\_/’

0!

=

infection constant recovery rate

Fig. 4. SIR diagram

During this first lab, a hat is passed around the class for each student to pick a dis-
ease. With each disease listed twice, student pairs are formed to investigate their dis-
ease before the next laboratory. Between the first and second laboratories, the student
pairs ascertain as much as possible about the nature of their assigned diseases, includ-
ing data, such as rates of change.
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Fig. 5. Graphs for SIR model

3 Model Development in Laboratories 2 and 3

In the next two weeks' laboratories with additional time outside of class, each pair
develops a model of the spread of their disease using the system dynamics modeling
tool. The professor and students obtaining the Emphasis in Computational Science
mentor the teams during the laboratory times and outside of class (see Figure 6) [6].

Fig. 6. Student teams
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For example, one pair developed the Chagas disease model whose diagram is in
Figure 7. Chagas disease is caused by the protozoa Trypanosomiasis cruzi (T. cruzi),
which is usually transmitted by the feces of blood-sucking insect vectors, the "kissing
bug". The disease has four main stages in a human: incubation (7-10 days), acute
(3-8 weeks), indeterminate, and chronic. The only know drug must be used in the
acute phase. This deadly disease infects about 14-million people worldwide, includ-
ing 20% of the Bolivian population [7].
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Fig. 7. Diagram model of Chagas disease by student team Lansing Yarborough and Lizzie
Dilworth

4 Presentations in Laboratory 4

In the final week of the lab sequence, each team makes a 10-to-15 minute presentation on
their disease and model to the class. The oral report include the following components:

e General description of the disease, including pertinent details about the agent, how
it is spread, factors that affect its spread, signs, symptoms, human impact, general
course, treatments, etc.

e General description of your model, including how it functions and what the team
considered when designing it

e Demonstration of how the model works
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Weaknesses and strengths of the model
Modifications that could be made to improve the model
Applications of the model

Final Report

Independently, each student writes a report on his or her team's model and what they
learned from the experience. These reports should include the following aspects:

General description of the disease, which includes the basic biology of the disease
(type of organism, symptoms/signs, typical treatments, etc.), a description of what
is known about its transmission, and known statistics or rates

Printout of the model along with a description of the model and how it works, the
most important features and the reasons for including them, and simplifying as-
sumptions

Printout of execution of the model including graphs and tables of several runs of
with documentation and justification for the parameters on each run

Conclusions: What does the model show? What factors does it take into account?
What factors seem to be most important to the spread of this disease? What factors
does it not take into account and why? How could the model be improved? What
applications might be made of the model?

References for learning about the disease and developing the model along with a
briefly critique for utility and quality of each reference

Self-assessment: How does the individual think he or she performed as a modeler?
Did developing the model help the student to understand about the disease and its
transmission? How? If not, why was it not helpful?

One or two computational science students help in evaluation of the models and the
reports.

6

Evaluations

The assessment portions of the final reports reveal a deeper understanding of the
spread of their diseases, the modeling process, and the utility of models. The follow-
ing comments are representative:

"If I had not already chosen a profession such a long time ago, this [computational
biology] would certainly be a possibility. I feel that by designing a model I gained
a more comprehensive understanding of Chagas Disease than I would have if I
simply had to do a PowerPoint presentation on the subject. The model almost al-
lowed an 'inside-look’ at the mechanics of the disease."

"Developing the model helped me to appreciate the inter-connectedness of all of
the factors that influence a disease and helped me to visualize why the disease be-
comes endemic. I enjoyed the victory of understanding something that initially
made little sense to me and frustrated me."
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e "The model definitely helped me to understand more of pneumocystis and its trans-
mission. Only so much of a disease can be understood from a textbook, especially
of its complexities. Software as dynamic as Stella makes learning about the way
pneumocystis is transmitted so much clearer and more comprehensible. 1 wasn't
only seeing numbers as I would on a page, but literally watching the rates and pro-
gress of transmission change before my eyes."

e "Developing this model was very useful in learning about the spread of Lassa Fever.
Through research, I was able to learn about this disease while at the same time apply-
ing what I learned to the model. Having to make a model based on what you learn
makes you very conscious of all the factors that influence the spread of the disease."

e "I did enjoy constructing the model and would definitely enjoy taking on the chal-
lenge of developing a model for a much more complicated disease. Developing the
model did help me understand the disease and its transmission....I feel that this ex-
ercise has been a beneficial experience for me and is an excellent tool for studying
disease and epidemiology."

Although evaluations by the students are almost unanimously favorable, improved
performance by the students is difficult to quantify. However, on the microbiology
final exam, the professor asks questions about disease risks and preventative measures
when traveling abroad, and the answers now include in-depth considerations of vector
control, water purification, and the other less obvious complicating factors. Before
starting the modeling component of the course, students just gave a list of diseases
with avoidance behavior suggestions. Moreover, in a subsequent medical case studies
class, students present much more comprehensive suggestions to management and
prevention issues than previously provided. Thus, the sequence of modeling laborato-
ries appears to accomplish the goals of improving students' understanding of human
disease dynamics and the utility of computational models.

7 Conclusion

Modeling the spread of disease in a sequence of microbiology laboratories has been
beneficial in a number of ways. Students gain an understanding of fundamental con-
cepts, such as rate of change, unconstrained growth, and interactions. Through model
development, testing, and refinement, they utilize and improve critical thinking and
problem-solving skills. By working with a partner, the students experience team-
work, which is so important to science. Through project oral presentations and writ-
ten reports, they can improve their communication skills. Moreover, we have found
that this interactive learning experience enhances the students' appreciation and un-
derstanding of modeling and computational science.
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Abstract. The high level of abstraction necessary to teach data struc-
tures and algorithmic schemes has been more than a hindrance to stu-
dents. In order to make a proper approach to this issue, we have developed
and implemented during the last years, at the Computer Science Depart-
ment of the Complutense University of Madrid, an innovative intelligent
tutoring system for the interactive learning of data structures according to
the new guidelines of the Furopean Higher Education Area. In this paper,
we present the main contributions to the design of this intelligent tutoring
system. In the first place, we describe the tool called Vedya for the visu-
alization of data structures and algorithmic schemes. In the second place,
the Maude system to execute the algebraic specifications of abstract data
types using the Eclipse system, by which it is possible to study from the
more abstract level of a software specification up to its specific implemen-
tation in Jawa, thereby allowing the students a self-learning process. Fi-
nally, we describe the Vedya Professor module, designed to allow teachers
to monitor the whole educational process of the students.

1 Introduction

The study of data structures and algorithmic schemes constitutes one of the
essential aspects of the academic formation of every student in Computational
Science. Nevertheless, the high level of abstraction necessary to teach these topics
occasionally hinders its understanding to students. In order to make a proper
approach to this issue, we have developed and implemented during the last
years, at the Computer Science Department of the Complutense University of
Madrid, an innovative interactive and visual learning framework according to the
new guidelines of the European Higher Education Area and the teaching model
focused on the student.

Our innovative approach is based on an Intelligent Tutoring System [§]
(shortly, ITS), a computer system that provides direct customized instruction

* This work has been partially supported by the Spanish National Projects FAST-
STAMP (TIN2008-06622-C03-01), MERIT-FORMS (TIN2005-09027-C03-03) and
PROMESAS-CAM (S-0505/TIC/0407).
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and feedback to our students, a personal training assistant, and a range of tu-
toring techniques according to the student’s response without the intervention
of human beings. Thus, our ITS implements the underlying theory of Abstract
Data Types [B] by doing and enable students to practice their skills by carry-
ing out tasks within highly interactive learning environments. Based on these
learner tools, the ITS tailors instructional strategies, providing explanations,
hints, examples, demonstrations, and practice problems on data structures and
algorithmic schemes [I[4l[7]. The evaluation of our research on that systems in-
dicates that students taught by our ITS generally learn faster and translate the
learning into improved performance better that classroom-trained participants.

Despite the concept of ITS has been pursued for more that thirty years by
researches in education, psychology, and artificial intelligence, few systems are
in practical use today for the interactive learning in Computational Science.
In order to remedy this lack, this paper describes the design of an ITS which
guides the interactive learning of data structures from the algebraic specification
to the real implementation [5]. The main components of this system are, on
the one hand, the Vedya tool [9], a visualization tool by means of which, it
is possible to provide the students with a complete learning system of both,
the main data structures and the more relevant algorithmic schemes. On the
other hand, the Maude system [3] for the execution of algebraic specifications
of abstract data types using the language of formal specification provided by
this system. And third, thanks to the development environment of Eclipse, we
have obtained a fully complete system that is useful for the students as well as
the professors, that allows to go from the most abstract level of data structures,
provided by its algebraic specification in Maude, until its specific implementation
in a modern programming language as happens with Java. All this learning
process can be guided and overseen in a completely autonomous way by using the
ITS presented in this paper, through which it is possible to make enquiries about
the documentation related to each of the algebraic specifications, to distinguish
between the behavior of the data structure and its different implementations
through the use of different views or to browse information regarding the cost
of the different implementations that have been proposed.

2 The Vedya Tool

Vedya is an integrated interactive environment for learning data structures and
algorithmic schemes presented for the first time in [9]. It covers the most com-
mon data structures: Stacks, queues, binary search trees, AVL trees, priority
queues, and sorted and hash tables. Moreover, it also provides other different
types of abstract data types, like one for an implementation of a “doctor’s offi-
ce”. Concerning the algorithmic schemes, it covers the most common resolution
methods [1I4J7]: Divide and conquer, dynamic programming, backtracking, and
branch and bound. All data structures and algorithmic schemes taught in the
related study courses are thereby integrated in the same environment.
Currently, there are two versions of the Vedya tool. The first version contains
all the data structures and algorithmic schemes mentioned above while the new
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Fig. 1. Data structures in the Vedya tool

one offers a subset of them in a more attractive visual environment. This last
version can be found at http://www.fdi.ucm.es/profesor/rdelvado/Vedya.zip.
There are several options to use this tool. The main one is the interactive
execution, but it is also possible to create simulations that are automatically ex-
ecuted, to visualize tutorials and to solve tests within the same environment. It
also integrates a set of animations that show how data structures are used to solve
certain problems. For instance, Fig.[Illshows an example of the main windows for
stacks. The central panel is used to represent the structure. On the left, there is a
list of the actions that can be executed. Partial non-allowed actions are disabled.
The right panel shows the visualization of the actions that have been already ex-
ecuted. There are two types of views: The one of data structure behavior to intu-
itively comprehend its operation, and one or several implementation views, either
static or dynamic. On Fig.[Il we show the specific behavior view of a stack and a
dynamic implementation based on pointers. The environment also provides doc-
umentation about algebraic specification, the implementation code and the cost
of each implementation. Moreover, the current version of Vedya offers the Vedya-
Test tool to solve tests (see Fig.[2]). This tool can be independently executed and
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Fig. 2. The Vedya-Test tool for the student evaluation

allows teachers to create, modify or delete questions in a database. The student
visualizes the tests, solves them and obtains the correct solutions. Questions are
grouped by subject-matter on the database, but it is possible to mix questions
about different data structures in the same test. The last version of this tool can
be also found at http://www.fdi.ucm.es/profesor/rdelvado/vedya-test.zip.

3 Execution of Algebraic Specifications in Maude

For the execution of algebraic specifications in our ITS, we use the language
Maude [3] based on rewriting logic. Maude is a high-level language and high-
performance system supporting both equational and rewriting computation for
a wide range of applications. Maude and its formal tool environment can be used
in three mutually reinforcing ways: as a declarative programming language, as
an executable formal specification language, and as a formal verification system.
Moreover, [6] describes the equational specification of the data structures in-
cluded in the Vedya tool now in Maude syntax (stacks, queues, lists, binary and
search trees, AVL and 2-3-4 trees). The language is available for Linuz and Mac-
OS at http://maude.cs.uiuc.edu, and there are also extensions for its execution
in Windows at http://moment.dsic.upv.es.

The algebraic specifications can be efficiently executed in the Eclipse system
(http://www.eclipse.org/) by means of special “plugins” (which can be downloa-
ded from http://www.fdi.ucm.es/profesor/rdelvado/plugins-eclipse.zip) de-
veloped in the Department of Information Systems and Computation of the
Technical University of Valencia (DISC-UPV) and in the Computational Lan-
guages and Sciences Department of the University of Mdalaga (DLCC-UMA).
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Fig. 3. Integration of Maude in Eclipse for the execution of algebraic specifications

This environment, as shown in Fig. B facilitates the student its usage by in-
tegrating the text editor with the execution commands of the system. On the
left, there appear the developed projects; the central part shows the editor and
the execution panel of the system is on it; on the inferior part, the control panel
that shows the result of the action.

The basic element of a specification in Maude is a “module”. The language
allows defining the functional modules used to define data types. For example,
the functional module for stacks used in Fig. Bl is showed with more detail in
Fig. @ The modules can be customized, using “theories” to such end in order
to define the parameters and “views” to relate the formal parameter to the real
parameter. The system has predefined the abstract data types most commonly
used, as well as the most common theories and views:

view Int from TRIV to INT is fmod STACK-INTEGERS is
sort Elt to Int . including STACK{vInt} .
endv endfm

In order to execute the specification, the student enters the text given in Fig. @ in
the editor of Eclipse (see Fig.B)); then, she/he executes the Maude system using
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fmod STACK{X :: TRIV} is
sort Stack{X} .

op error : -> Stack{X} .
op error : -> X$E1t .

op empty : -> Stack{X} .
op push : X$E1t Stack{X} -> Stack{X} .
op pop : Stack{X} -> Stack{X} .
op top : Stack{X} -> X$E1t .

op isEmpty? : Stack{X} -> Bool .

var P : Stack{X} .

var E : X$E1t .

eq pop(empty) = error .

eq pop(push(E,P)) =P .

eq top(empty) = error .

eq top(push(E,P)) =E .

eq isEmpty?(empty) = true .

eq isEmpty?(push(E,P)) = false .

endfm

Fig. 4. Algebraic specification of parametric stacks in Maude syntax

the existing buttons in the Maude Console of Eclipse and enters the module. The
system detects existing syntax errors and shows them on the Maude Console.
Once the module shows no more errors, the student may reduce terms by using
the equations of the module. To such end, the student may use the commands
chart placed at the top of the screen or she/he may directly write the command
in the editor and enter it into the system. For example, in order to obtain the top
of a stack, we can reduce the term: red top(push(push(empty,5),4)). This
term must be reduced over the module of the stacks using the integer number
theory INT. In our example, this module is named: STACK-INTEGERS.

The possibility of reducing terms, in an automatic way, allows the students
to carry out an initial test of their specifications by detecting many of the errors
committed when defining the operations using equations. Another greater ad-
vantage of executing the specifications is that the student comprehends the diffe-
rence between the parameterized module and the instantiated module by being
able to reduce terms on different modules. For example, a new module could be
named STACK-CHARACTERS on which terms of type red top(push(push(empty,
’a’),’c’)) . can be easily reduced. Other examples of abstract data types, such
as a “doctor’s office” can be proposed [5]. In all of them, the aim was to define
parameterized or instantiated data type with different theories. The practical
classes are complemented with different terms that the student must reduce
over some type of instantiated modules to prove the specification, as well as pro-
posals to make little changes in some actions or erroneous definitions to detect
them (see http://www.fdi.ucm.es/profesor/rdelvado/codigo-maude.zip).

Taking into consideration that students from the second year were involved,
just a few of the language facilities have been used. In superior courses where
students have more knowledge on the subject, a richer language can be used [3]
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(e.g., many-sorted equational specifications, order-sorted equational specifica-
tions, equational attributes, and membership equational logic specifications).

4 An Intelligent Tutoring System for Data Structures

An Intelligent Tutoring System (shortly, ITS) for the Vedya tool turns into a
pedagogical instrument of high practical interest since it attempts to address
the whole self-learning process of the main data structures, from the algebraic
specification written in Maude until the real implementation written in Java,
within such a powerful and integrated environment as the Eclipse system des-
cribed in the previous section.

The students have their first contact with the data structures that they are
going to study by means of the usage of the ITS on Vedya. In order to con-
trol the student’s self-learning process correctly, an online database has been
built in on this tool. This means that now, the user has to be logged before
using the Vedya tool, in order to oversee he/she evolution properly. For this
purpose, the additional module called Vedya Professor (which can be obtained
from http://gpd.sip.ucm.es/rafav/), has been designed to take full advantage
of this feature. This tool allows teachers to monitoring the current progress of
their students as a whole (see Fig.[]), according to the information stored in the
database (tests realized, time spent on each test or most consulted documents

|| Fe Profle Language

@ Entre period Speafic period
Start date:
End date:

CONSLLTED DOCUMENTS {GLOBAL} | Use TEST (u06al) | 5coses useD | Toous seD | ADT UsEn | TEST AVERAGE EVDLUTION | DURATION AVERAGE EVOLUTION

CONSULTED DOCUMENTS (GLOBAL)

®0-Trees @ AVL ® Quetes O Stacks @ Tables

10:02:33 - Jtate: Dates loaded correctly.
10102:33 - Stare; Loading DNIs...

- State: DNIa lcaded correctly.
10:03:51 - State; Generating charts..,
10:03:53 - State: Charts generated.

Fig. 5. Vedya Professor Module for the Vedya tool
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on the help of Vedya). Moreover, this tool also allows seeing detailed information
of each specific student, by selecting their identification number.

For example, if their learning of data structures is focused on linear data
structures or binary search trees, the ITS would suggest that the student should
start their learning process in the corresponding section of the tool, where they
will be able to experiment, freely and on their own, each one of the actions
offered by these structures (see Fig.[I]). In order to strengthen and evaluate this
intuitive knowledge, the student has, in addition, the useful possibility of using
the Vedya-Test tool (see Fig. [2).

Once the student has a clear idea of the informal behavior of the data struc-
ture, the ITS may continue working on the Eclipse system. The first step would
be to formally capture the intuitive knowledge that the student has obtained
through the usage of Vedya in a specific algebraic specification written in Maude
syntax. In order to facilitate this difficult step in the student’s self-learning, the
student may use, interactively, the documentation that is included in the manual
of the Vedya tool.

Once the algebraic specification in Maude syntax (see Fig. H) is entered into
the Eclipse system (see Fig. B]), the student can now go on executing little tests
using the Maude Console, in order to check whether it coincides with the intu-
itive and informal notion of data structure from which he/she initially departed
in Vedya. Such experience would allow the student to reach the high level of
abstraction that is necessary in computer supported education for each formal
specification of a software component, always based on the intuitive and exper-
imental knowledge.

Once the algebraic specification of the data structure is obtained, the next
step performed by the ITS would be to develop an implementation in an object-
oriented programming language such as Java, by means of the facilities provided
by the programming environment in FEclipse. This time, the student may use
the algebraic specification that she/he has built, as if dealing with an authentic
“instructions manual”. The main advantage of our methodology is that the speci-
fication behaves now as a prototype of the data structures to be implemented,
in a way that the student is able to find out the exact behavior for all those
moments of doubt that may appear during the design process, even before the
student is able to compile their programs. In order to be able to guide, in a
more specific way, the step from specification to implementation, the student
may make use again of the Vedya tool. This time, the student may access to the
part that would correspond with the implementation of the data structure that
she/he is studying from the options menu (see Fig.[). From there, he/she may
try different implementation possibilities based on arrays or pointers.

Once the student is familiar with the different implementations of the struc-
ture, she/he is finally ready to properly decide on a suitable representation in
the Java language. The possibility of having understood and previously evalua-
ted the different implementations by means of the ITS allows the student the
possibility to acquire a clear knowledge of the algorithmic cost of the chosen
implementation in Java for each specific operation of the data structure, so that
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this would also be a decisive criterion at the moment of designing its own imple-
mentations. In this part, the “algorithmic schemes” part of the Vedya tool plays
an important role, since it allows the student to acquire a good programming
methodology.

5 Evaluation

In order to obtain a detailed evaluation of the usage of the ITS on Vedya and
Maude in our integrated Eclipse system, we have proposed several tests (see
http://www.fdi.ucm.es/profesor/rdelvado/Tests.zip) related to the behavior,
specification, implementation and application of the main data structures offered
by the tool in the “Data Structures” academic subject at the second year, and
in the “Programming Methodology and Technology” subject at the third year.

Taking into account this profile of our engineering and Computer Science
students, we have proposed 8 tests in the Virtual Campus of the Complutense
University of Madrid (http://www.ucm.es/campusvirtual/CVUc¥/). The number
of engineering students registered in this Virtual Campus was just over 122.
Fig. [6] shows the number of the students who answered each of the tests. We
observe that, from the third test on, the number of students becomes stable
in a number lightly low to the number of students who access regularly to the
Virtual Campus. These numbers, though seemingly high, are only between 30%
and 40% of registered students, which shows the high rate of students giving
up in this topic from the beginning. Fig. [0] also shows the percentage of correct
answers: In general, it is high, which demonstrates the interest of the students
who have taken part. Fig.[[lshows the percentage of students that did not attend
the final exam, those who passed, and those who failed during the last six years.
We observe that in the last academic courses, in which we have applied the ITS
on Vedya tool, we have reduced by 10% the percentage of students giving up
the course with respect to the previous course, and at the same time, we have
increased by 12% the percentage of students that passed the exam. The percent-
age of students that failed the exam decreased by 2%. Comparing with previous

Stacks 1|Stacks 2|Queues|Sequences| BST | AVL| RB |Heaps
Students 65 61 57 31 35 38 32 39
Answers| 76.4% 82.5% | 77.8% 65.6% (82.2%|84.9%180.2%| 86.3%

Fig. 6. Students answering the tests and percentage of correct answers

2002,/03[2003/04]2004,/05]2005,/06]2006/07|2007 /08

Not attended| 57.6% | 45.3% | 42.3% | 64.7% | 50.8% | 40.2%
Passed 15.3% | 222% | 202% | 182% | 30.1% | 42.6%
Failed 271% | 32.5% | 37.6% | 171% | 189% | 17.2%

Fig. 7. Comparison of academic results with previous courses
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courses (2003 to 2004) the percentage of students that passed has increased be-
tween 20% (with respect to the course 2003/04) and 25% (with respect to the
course 2002/03).

6 Conclusions and Future Work

In the last years, many papers on visualization of data structures have been
written (see, e.g., [2]). Nevertheless, there is a lack in many of them of a tutoring
system which guides the interactive learning of data structures from the algebraic
specification to the real implementation by means of appropriate user tools.

In this paper, we have described the design and usage of an innovative edu-
cational environment for the interactive learning of data structure by means of
an Intelligent Tutoring System [8]. This system can be efficiently applied on the
visualization tool Vedya [J] and the specification language Maude [3] with its
programming environment in the Fclipse system, allowing the students the pos-
sibility of acquiring the capacity of implementing, correctly and properly, a data
structure according to its formal algebraic specification, using in their design,
the proper algorithmic schemes. As a consequence, it is possible to provide the
students with a complete and professional methodology of software development
that is very useful in the current teaching of Computer Science.

As future work, we plan to integrate, as part of the development of our in-
telligent tutoring system, an interface of the current “Vedya-Maude” system in
Eclipse, in order to control and guide students along their self-learning process
in a more autonomous way.
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Abstract. Algorithm design is one of the more neglected aspects in program-
ming introduction courses. On the contrary, schemas focus on solution con-
struction, since they gather common characteristics of algorithms, so they can
be considered as algorithm cognitive units. In this paper, we go beyond the
benefits of teaching schemas and we present a tool that incorporates their use. It
automatically generates code from the application of schemas, allowing its inte-
gration into the class as a useful educational tool.

Keywords: Automatic code generation, schemas, recurrence relations.

1 Introduction

A first year programming course usually is devoted to instructing students on two differ-
ent aspects: the programming language and the algorithm design. Most of the textbooks
focus on the language itself, thus algorithms are scattered along the course to show the
language features. As a consequence, the algorithmic knowledge is poorly organized and
students find that each problem requires an innovative technique to be solved.

On the contrary, not so frequent trends structure students’ instruction around prob-
lem analysis and solution construction, by means of teaching schemas [6] [8] [9].
Schemas join the common characteristics of the algorithms that solve a family of
problems, thus they can be considered as algorithmic cognitive units that can be ap-
plied to build programs. Students must carefully analyze the problem to find the
schemas that can be applied to solve it, instead of programming from scratch. This
analysis is based on drawing analogies to identify the tasks whose solutions are well
known [5]. For instance, when analyzing the query “is x prime?” or the calculation of
“trunc(log,(x))”’, for a given natural number x>2, students should notice that both
problems can be similarly solved by using a search schema. Indeed, we can look for
the first natural number y>2 such that y divides x, for the first one, and pow(2,y)>x,
for the second one, where pow(x,y) computes x’. In fact, students should be able to
instance a skeleton like the following one, using Java syntax:

y= 2;
found= CONDITION;
while (!found) {
y= y+1;
found= CONDITION;
}

G. Allen et al. (Eds.): ICCS 2009, Part II, LNCS 5545, pp. 632009.
© Springer-Verlag Berlin Heidelberg 2009
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where CONDITION respectively corresponds to the expressions x % y == 0, and
pow (2, vy)>x. After execution, we use “x 1is prime iff y=x" to solve the
first problem, and return y-1 for the second one.

Teaching schemas has great benefits. Regarding students, it improves their ability
for abstraction, it avoids a compulsive impulse to write code before knowing what to
do; and it standardizes the code that different students could produce. From a teaching
point of view, instructors can exploit a broad analysis of the schemas in order to au-
tomatically extend their properties to any solution based on them. Hence properties
such as correctness, termination or complexity, can be stated once in a theoretical
framework, instead of independently analyzing each program. Also, schemas provide
students with important insights into the use of other algorithmic units, such as design
patterns in later courses.

In this paper we go beyond teaching schemas, since we also take care of how they
can be automatically applied to a given problem. Apart from teaching how to instanti-
ate the variable parts of the schema (e.g. CONDITION in the examples above), we use
a tool to generate the involved code. Thus, when students are asked to solve a prob-
lem, firstly they should represent the problem in order to supply it to the tool, and
then, choose the proper schema. So the tool allows the student to focus on the schema,
not on the syntax of the language, and autonomously to obtain running solutions to
the problem, from the code that is automatically generated. Visual and iconic lan-
guages, and their programming environments, are also related to code synthesis for
programming instruction [2] [3] [13]. But they are based on graphical description of
the algorithms, thus our approach has a greater abstraction power, since it requires the
specification of the problem instead.

2 Theoretical Framework

In an introductory programming course, schemas can be mainly used to solve two
different tasks: traversing and searching. As we have seen, the primality test is an
example of a searching process. The computation of pow(x,y) itself can be seen as an
example of a traversal from / to the natural number y. Nevertheless, schemas must
also be classified according to the way data are generated. We have been teaching
them in three contexts: data built by recurrence relations, data obtained from an array,
and data read from a file. Since the schemas involved in the exploration of recurrence
equations are the simplest ones, we began developing a tool to solve them.

2.1 Recurrence Relations

In mathematics, a recurrence relation is an equation which defines a sequence recur-
sively: each term of the sequence is defined as a function of the preceding terms [4].
To obtain a unique sequence from a recurrence relation, there must be some initial
values that do not depend on other numbers in the sequence. A well-known example of
recurrence relation is the Fibonacci sequence given by the equation fi= fi_1+fi_2
and the initial values To=1, f1=1. The order of a recurrence relation is the number of
preceding terms occurring in the equation; so the order of the Fibonacci sequence is 2.
The index of a term is its position in the sequence, beginning from 0.

We do not intend to solve such relations, as usual in a discrete mathematics course.
Actually, we are concerned about generating iterative algorithms to explore the
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recurrence sequence. Thus, we do not care about the type of its terms —float, int
or boolean-, nor the operators involved in the equation. We will only suppose that
the related expressions are valid. As operands of the equation defining T3, we allow
not only the preceding terms of f, but also the index 1 itself, and the preceding terms
of other recurrence relations. In the latter case, it is said that the relations have been
simultaneously defined by a recurrence relation system. For instance, the system
fo=1, go=0, fi=gi-1, gi=Ti-1, defines the characteristic functions of the predicates
“i is even” (f) and “i is odd” (g). The order of a system is the maximum of the orders
of its relations. Nevertheless, we will only consider systems whose relations have the
same order. Systems not satisfying this condition can be completed by progressing on
the relations fallen behind the rest. Finally, we also allow systems where fi depends
on the i-th term of a simultaneous relation. In order to avoid partiality in this case, a
topological ordering between the relations of the system is required. For example,
equations To=0, go=0, fi=gi+fi-1, gi=Ti-1+gi-1 compose a proper system since
gi can be computed before than f.

Apart from the types and operators involved in the recurrence relations above pre-
sented, the computability they define can be compared to the class of primitive recur-
sive functions [7].

2.2 The Schemas

We use schemas to solve three classic problems involved in the exploration of recur-
rence relation systems: (1) the traversal problem, that calculates the term occurring at
a given index, (2) the unbounded search problem, which looks for the first term satis-
fying certain condition, and (3) the bounded search problem, which seeks the first
term satisfying a condition up to a given index. Among the different schemas that can
be designed to solve such problems, we present the following ones using Java syntax.

/ /TRAVERSAL
int 1i;
DECLARATION
INITIALIZATION
i= CURRENT_INDEX;
while (i<n) {

i= i+1;

STEP
}

/ /UNBOUNDED SEARCH
int i;
boolean found;
DECLARATION
INITIALTZATION
i= CURRENT_INDEX;
found= CONDITION;
while (!found) {

i= i+1;

STEP

found= CONDITION;
}

//BOUNDED SEARCH
int i;
boolean found;
DECLARATION
INITIALTZATION
i= CURRENT_INDEX;
found= CONDITION;
while (!found && (i<bound)) {

i= i+1;

STEP

found= CONDITION;
}

The three schemas use a while sentence to progress on the recurrence system,
step by step. The variables i and found are related to the last computed terms of the
system and denote their index and whether they satisfy CONDITION, respectively.
Capitalized words are “holes” that must be properly replaced depending on the given
recurrence system. DECLARATION and INITIALIZATION must be replaced with
the corresponding variables, CURRENT INDEX must be replaced with the order of
the system minus one, and STEP must be replaced with the code required to progress
on the system.
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3 The CGR Tool

The CGR tool, which stands for Code Generation for recurrence Relations, produces
Pascal, C and Java code (the target languages) from a specification of the involved
recurrence relations. We present how it works by means of examples, and we show
how its GUI looks by displaying different snapshots.

3.1 Example 1. Computing the Vertices of a Regular N-gon

As a first example, consider the problem of calculating the vertices of a regular N-gon
(N>2) for a given side length>0. In order to apply the tool, the student must begin
defining the recurrence relations required to solve the problem, which basically corre-
spond to express how vertices coordinates develop. The solution we propose is based
on the well-known turtle graphics [1]: assuming that the first vertex is placed at an
initial arbitrary point, the coordinates of the next vertex yield after properly rotating
the direction and moving forward the distance length. Let ai be the recurrence defin-
ing the angle that must be rotated. It can be defined by:
ao=0
a1-=a1-_1+2n/N y i>0

The recurrences Xi and Yy define the coordinates of the successive vertices. If we
start at the point (0, 0), they can be defined as follows:
X0=0, yo=0
xi=Xi-1+length*cos(ai-1), 1i>0
yi=yi-1i+length*sin(ai-1), 1>0
Each recurrence relation is provided to the tool by using a dialog box which re-
quests the following inputs from the students: the name of the recurrence, the primi-
tive type (real, integer, boolean) it holds, the expressions for the initial values,
and the equation for the recurrence relation (Fig. 1).

Bl Recurrence relation @

MName : |x

Type

" Real

" Integer
Order 1 " Boolean

Initial walues 0 ] ®2 #3 w ‘

Case: Expression: | -~
Recurrence equation :

Add case
Delete case

0k Cancel

otherwise #0 + d0¥cos(al]

Fig. 1. Defining the recurrence relation X
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In the generated code, identifiers £0, ..., fm-1 will hold the last generated terms of
a given recurrence relation T of order m; so they must be used to state its recurrence
equation. In the example, the identifier x0 denotes the last term of X, and x0 must be
used to state the involved recurrence equation: x0+length*a0 (Fig. 1). We tell
students that they must instance the equation to compute the first new term
(X1=Xo+1ength*cos(ao) in the example), when they provide CGR with the re-
currence equations. Once students have defined the recurrences that compose the
system, they have to determine which schema must be applied to solve the problem,
and which target language (Pascal, C, Java) will be used in the code generation. This
information is supplied to the tool by using a new dialog box which requires the
names of the recurrences and the chosen schema(s). In our example, we must apply
the traversal schema since we ask for all of the N-gon vertices (Fig. 2).

Code generator

Name : ]

Schemes
[v Recunence

[ Traversal
™ Unbounded search
[~ Bounded search

[~ Overwnite file [7 Add headers

Ok Cancel

Fig. 2. Asking for an implementation

Finally, we show the generated code for the Java syntax.
int i;
float x0, x1, y0, y1, a0, al;
x0=0; y0=0; a0=0;

i=0;

while (i<N) {
i=i+1;
x1 =x0 + d0*Math.cos(a0) ;
vl =y0 + d0*Math.sin(a0) ;
al =a0 + 2*Math.PI/N;
x0=x1; vyO0=yl; al=al;

}

3.2 Example 2. Carrying Different Weights

A worker is carrying different objects with different weights between two points. The
first time he covers the distance, he carries A>0 units of weight. The second time, he
carries B>0 (A>B) units of weight. As time goes by, his tiredness increases and he is
forced to reduce the weight he can carry, which becomes the minimum between
95% of the last covered distance and 90% of the last distance but one. We pose the
problem of determining the number of complete ways the worker can carry out before
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he is exhausted, which occurs when the total carried weight exceeds C. We define a
recurrence relation Wi to express the current weight, by the following equations:

Wo=A, Wi=B
wi=minimum(0.95*wi-1, 0.90%wi-z), 1i>1

Notice that students must use a definition by cases in order to properly provide the
tool with this equation. Thus, condition 0.90%*we>0.95%w; has to be supplied in the
corresponding dialog box (Fig. 3).

Ml Recurrence relation El
Name w
Tupe
+ Real
" Integer
Order 2 " Boolean
Initial valugs - wi - - - ‘
B F] |
£ >
Case: Expression; ‘ ~
Recurrence equation :
0.90w0 > 0.95"w1 0.95%1
Add case othenwise 0.90°w0
Delete case
~
0K ‘ Cancel ‘

Fig. 3. Defining the recurrence relation W

Since we look for the first time the total carried weight exceeds C, we introduce a
recurrence relation acCi to hold the total carried weight:

aCo=A, aCi=A+B,
aci=aci-1+wi, i>1

Observe that aci depends on Wi, thus the generated code must progress on the re-
currence W before progressing on ac. The tool warns the student about such situation,
and supplies a right ordering when required (Fig. 4 on the left).

Students must apply the unbounded search schema, thus the search condition has to
be provided before generating the code (Fig. 4 on the right). Since we use the expres-
sion ac1>C, the value -1 will finally return the number of complete ways before
the worker becomes exhausted.

Confirm Unbounded search

Stop condition:

<2 Topological sort?
{/ [act>d

i U] Cancel

Fig. 4. Left: Advising that a proper ordering is required. Right: Asking for the search condition.
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Then the generated Java code is the following:

int i; boolean found;
float w0, wl, w2, acO, acl, ac2;
w0=A; wl=B; ac0=A; acl=A+B;
i=1;
found=acl>C;
while (!found) {
i=i+1;
if (0.90*w0 > 0.95*wl) w2= 0.95*wl;
else w2= 0.90*w0;
ac2=acl + w2;
wl0= wl; wl= w2; ac0= acl; acl= ac2;
found= acl>C;

3.3 Integrating the Tool into the Course

We present the tool in the classroom after teaching the schemas for recurrence
relations, which usually takes place at the end of the first out of two trimesters. Thus,
the students have already been taught about their properties and about how schemas
must be applied to specific problems. We have also presented some variations of the
schemas (e.g. loops controlled by a counter or by a boolean expression), which are
compared each other in order to gain the insights on them.

The tool is introduced to solve some of the problems they have manually coded
previously. Students get really surprised when they notice that the tool solves the
problems instantaneously. For the instructor, the tool can be used to prove that sche-
ma application is a real systematic process.

One hour is basically enough to explain the tool features. Next, the tool is uploaded
to the web to make it public. Then students are encouraged to autonomously apply the
tool to a selection of problems, as an optional lab assignment.

4 Evaluation of Schemas and the Tool

4.1 Study Framework

For the last two years, we have been analyzing the influence of using schemas on the
development of students’ programming skills, when teaching an introductory
programming course during the first year of a Software Engineering degree, which
applies the usual CS-first approach [12]. The study population was integrated in 7
groups each year, of around 70 students each; some of the groups (3 the first year, and
1 the second) studied schemas, while the others studied in a traditional language-
oriented approach. Since students are randomly assigned to the groups, the groups are
comparable with respect to the students’ programming capabilities. We begin compar-
ing the two approaches according to the academic success of the students, not consid-
ering other factors as the diversity of teachers and exams.

Only a few students decided to try CGR, despite of the extra mark that had been
added to their final grade in case they would have solved some of the problems posed
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in the lab assignment. Although they were not forced to solve all of them, they were
asked to apply each of the three schemas at least once; hence, they should classify the
chosen problems before trying to solve them, exploiting one of the schemas benefits.
The assignment also included a satisfaction survey that students should fill in order to
evaluate the tool.

4.2 Discussion about Academic Success

Table 1 reports the pass rates of the seven groups. The schemas-groups rates are dis-
played in boldface. The table points out that the schemas rates occupied the highest
places, especially in 2007-2008.

Table 1. Pass rates

Group 1 2 3 4 5 6 7
2006-2007 |31.7|51.2|51.4|49.1 | 47.8|27.7|39.7
2007-2008 |29.7|43.3|25.9|25.9|23.5|40.2|51.5

4.3 Discussion about How Students Used the Tool

The programming assignment consisted of a list of 10 problems: six of them required
the unbounded search schema (US), two the bounded search one (BS), and two the
traversal one (T). Each student had to solve from 3 to 5 problems. The number of
students that participated was 24 in 2007-2008. Table 2 shows the results we ob-
tained. For each problem, we have studied four variables, which have been displayed
in rows: the schema solving the problem (A), the number of students that chose the
schema rightlylwrongly (B), the number of students that defined the recurrences
rightlylwrongly (C), and the number of students that defined the condition of the (un-
bounded search or bounded search) schema rightlylwrongly (D).

Table 2. Report on the students’ solutions

1 2 3 4 5 6 7 8 9 10
US|US| BS | US| US T BS T US | US
110 | 210 | 1119 | 612 | 1213 | 1910 | 1110 | 1210 | 410 | 14I0
110 | 210 | 1613 | 810 | 1312 | 1216 | 1010 | 913 | 2i1 | 13i11
110 | 210 | 5I5 | 512 | 1013 1010 211 | 1410

Q=] >

Table 3 summarizes the previous results, showing the success rates related to vari-
ables B, C and D for each schema. The average of these rates for the three schemas is
87% for the variable B, 84% for C, and 83% for D.

Thus, a descriptive analysis of the results shows that students usually choose the
right schema, define the recurrence relations properly, and provide the tool with the
correct search condition.

In order to analyze Table 3 more deeply, we have compared the percentages of the
three schemas by pairs [11]. This study reports that the schemas US versus T, and BS
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versus T, are different at the 95.0% confidence level (P<0.05), regarding variable B.
Actually we conclude that problems based on traversals are more easily guessed,
since the success rate for this schema is much higher than for the search ones.

Table 3. Analysis of students’ solutions

100 m Right selection
30 - of scheme
60 - —
Right definition
40 - — of recurrences
20 - —
Right definition
0 - T ' '
of search
us BS T condition

4.4 Discussion about Students’ Compliance

The satisfaction survey was composed of 14 assertions. Students’ answers ranged
from 1 [total disagreement] to 5 [total agreement]. We focus on the most relevant
questions:

3. “To define the relations involved in is an easier task than to code from scratch”.

4. “To find out the relations takes less time than to code from scratch”.

7. “The use of the CGR tool is suitable to solve problems in a first-year program-
ming course”.

10. “The CGR tool is useful to teach a first-year programming course”.

11. “The CGR tool is a helpful tool to autonomous learning”.

12. “Your programming background was broad before starting the course”

Table 4 shows the averaged answers to the previous questions in the two years.
Notice that almost all of them exceed the middle value (3), thus students seem to be
grateful for using the tool. We especially appreciate answers to question 3, 4 and 7,
since they indicate that students find the tool useful to build programs.

Table 4. Students’ answers to the selected assertions

W 2006-2007

MR P LI I
N~ O~
OOoOOOOO0O

2007-2008
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In order to know whether the tool can be considered a useful tool we have analyzed
the answers of 2007-2008 in depth. Concretely, we have studied whether any previous
programming background affects the answers. Thus, we have applied the * test be-
tween answers to questions 3, 4, 7, 10 and 11 versus answers to question 12. Since the
range of answers to these questions was too wide for 24 surveys, we have grouped the
answers in order to safely apply this test. Thus, answers 1 and 2 have been replaced
with 1, 4 and 5 with 5, and answer 3 has been ruled out. Then we have finally applied
the independence tests over five 2x2 matrices. The study only reveals that answers to
question 7 and 12 are not independent at the 95.0% confidence level (P<0.05) [10].
Concretely, on the one hand, 80.0% of the students with a broad background an-
swered 1 to question 7, while 20.0% of them answered 5; on the other hand, 21.4% of
the students with a narrow background answered 1 to question 7, while 78.6% of
them answered 5. In consequence, we can conclude that the more previous back-
ground, the less they think that the tool is helpful to solve problems. In our opinion,
students with previous programming skills do not like the tool because they feel un-
comfortable when they cannot appeal to their own programming schemas.

5 Conclusions

Methodologies based on schemas are becoming popular for teaching programming in
introductory courses. They focus on algorithm design instead of the language syntax,
and use schemas as algorithm cognitive units. In this paper, we have presented a tool
for programming using schemas. In order to solve a given programming problem, the
student defines a recurrence relation system, selects the proper schema and the tool
automatically generates the code that solves the problem in the target language. In this
way, our tool allows the integration of methodologies based on schemas into the sub-
ject of the course.

We have also experimentally studied the influence of using schemas on the devel-
opment of students’ programming skills, and we have analyzed the students’ compli-
ance with the tool. The results we have obtained reveal that students assimilate
schemas well. Regarding the tool, students find it suitable to solve problems and help-
ful to autonomous learning.
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Abstract. We describe the new undergraduate science degree program
in Computational and Data Sciences (CDS) at George Mason Univer-
sity (Mason), which began offering courses for both major (B.S.) and
minor degrees in Spring 2008. The overarching theme and goal of the
program are to train the next-generation scientists in the tools and tech-
niques of cyber-enabled science (e-Science) to prepare them to confront
the emerging petascale challenges of data-intensive science. The Mason
CDS program has a significantly stronger focus on data-oriented ap-
proaches to science than do most computational science and engineering
programs. The program has been designed specifically to focus both on
simulation (Computational Science) and on data-intensive applications
(Data Science). New courses include Introduction to Computational &
Data Sciences, Scientific Data and Databases, Scientific Data & Infor-
mation Visualization, Scientific Data Mining, and Scientific Modeling &
Simulation. This is an interdisciplinary science program, drawing exam-
ples, classroom materials, and student activities from a broad range of
physical and biological sciences. We will describe some of the motiva-
tions and early results from the progranEl. More information is available
at http://cds.gmu.edu/.

1 Data-Intensive Science: A New Vision for Science
Education

The development of models to describe and understand scientific phenomena has
historically proceeded at a pace driven by new data. The more we know, the more
we are driven to tweak or to revolutionize our models, thereby advancing our
scientific understanding. This data-driven modeling and discovery linkage has
entered a new paradigm [I]. The acquisition of scientific data in all disciplines
is now accelerating and causing a nearly insurmountable data avalanche [2]. In
astronomy in particular, rapid advances in three technology areas (telescopes,
detectors, and computation) have continued unabated [3] — all of these advances

! The development of the Mason Computational and Data Sciences undergraduate

program is sponsored by the NSF CCLI (Course, Curriculum, and Laboratory Im-
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lead to more and more data [4]. With this accelerated advance in data gener-
ation capabilities over the coming years, we will require an increasingly skilled
workforce in the areas of computational and data sciences in order to confront
these challenges. Such skills are more critical than ever since modern science,
which has always been data-driven, will become even more data-intensive in the
coming decade [4J5]. Increasingly sophisticated computational and data science
approaches will be required to discover the wealth of new scientific knowledge
hidden within these new massive scientific data collections [6l7].

We live in an information age in which we are inundated with facts, tending
toward information overload. Though the data glut problem is not limited to
science, science is first and foremost a forensic discipline — we gather evidence,
first to develop a hypothesis, then to test our hypothesis, and finally to vindicate
or else to invalidate the hypothesis, at which point we gather more evidence, and
the process continues. We must educate the next generation scientists, if not all
citizens, in the principles of evidence-based reasoning, fact-based induction, and
data-oriented science. In particular, we must muster educational resources to
train a skilled data-savvy workforce: one that knows how to find facts (i.e., data,
or evidence), access them, assess them, organize them, synthesize them, look at
them critically, mine them, and analyze them.

2 Background and Motivation

The growth of data volumes in nearly all scientific disciplines, business sectors,
and federal agencies is reaching epidemic proportions. This epidemic is charac-
terized roughly by a doubling of data each year. It has been said that “while data
doubles every year, useful information seems to be decreasing” [8], and “there is
a growing gap between the generation of data and our understanding of it” [9].
In an information society with an increasingly knowledge-based economy, it is
imperative that the workforce of today and especially tomorrow be equipped to
understand data. This understanding includes knowing how to access, retrieve,
interpret, analyze, mine, and integrate data from disparate sources. This is em-
phatically true in the sciences. The nature of scientific instrumentation, which is
becoming more microprocessor-based, is that the scale of data-capturing capabil-
ities grows at least as fast as the underlying computational-based measurement
system[I0]. For example, in astronomy, the fast growth in CCD detector size
and sensitivity has seen the average size of a typical large astronomy sky survey
project grow from hundreds of gigabytes 10 years ago (e.g., the MACHO sur-
vey), to tens of terabytes today (e.g., 2MASH] and Sloan Digital Sky Surveyﬁ
[3], up to a projected size of tens of petabytes 10 years from now (e.g., LSST,
the Large Synoptic Survey Telescopﬁ []). LSST will produce one 56K x 56K
(3-Gigapixel) image of the sky every 20 seconds, generating nearly 30 TB of

% http://www.ipac.caltech.edu/2mass/
3 http://www.sdss.org
4 http://www.lsst.org
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data daily for 10 years. In the field of Space Weather and Solar Physics, NASA
announced in 2008 a science data center specifically for the SDO (Solar Dy-
namics Observatory). The SDO will obtain one 4K x 4K solar image every 10
seconds, generating 1 TB of data per day. NASA recognizes that previous ap-
proaches to scientific data management, analysis, and mining will simply not
work. Consequently, we see the floodgates of data opening wide in astronomy,
high-energy physics, bioinformatics, numerical simulation research, geosciences,
climate monitoring and modeling, and more. Outside of the sciences, it is widely
documented that the data flood is in full force in banking, healthcare, homeland
security, drug discovery, medical research, insurance, and (as we all have seen)
e-mail. The application of data mining, knowledge discovery, text mining, and
e-discovery tools to these growing data repositories is essential to the success of
agencies, economies, and scientific disciplines.

2.1 Data Sciences: A National Imperative

The article “Agencies Join Forces to Share Data” calls for more training in data
skills [I1]. This article describes a new Interagency Working Group on Digital
Data, representing 22 federal agencies in the U.S., including the NSF, NASA,
DOE, and more. The group plans to set up a robust public infrastructure so that
all researchers have a permanent home for their data. One option is to create
a national network of online data repositories, funded by the government and
staffed by dedicated computing and archiving professionals. Who are these com-
puting and archiving professionals? We believe that this professional workforce
must be trained in the disciplines of computational and data sciences. We are
addressing this societal need through the new CDS curriculum in the Mason
Department of Computational and Data Sciences (CDS).

Within the scientific domain, Data Sciences is becoming a recognized aca-
demic discipline. In a recent Data Sciences Journal article [12], it is argued that
now is the time for Data Sciences curricula. In another article [I3], Data Sci-
ence is again promoted as a rigorous academic discipline. Further, there was a
2007 NSF-cosponsored workshop on Data Repositories, which included a track
on data-centric scholarship, where they explicitly state what we now believe:
“Data-driven science is becoming a new scientific paradigm — ranking with the-
ory, experimentation, and computational science” [14]. Another Data Sciences
Journal article states: “Without proper management of continuously-produced
important data and without the productivity of new disciplines based on data, we
cannot solve important problems of the world” [I5]. An excellent article recently
described Informatics, the new paradigm of data-intensive science, as “the use of
digital data, information, and related services for research and knowledge genera-
tion” [16]. Consequently, many scientific disciplines are developing subdisciplines
that are information-rich and data-based, to such an extent that these are now
becoming (or have already become) recognized stand-alone research disciplines
and academic programs on their own merits. The latter include bioinformatics
and geo-informatics, but will soon include astroinformatics, e-Science, medical
informatics, and data science. Several national study groups have issued reports
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on the urgency of establishing scientific and educational programs to face the
data flood challenges:

1. National Academy of Sciences report: “Bits of Power: Issues in Global Access
to Scientific Data” (1997) [17];

2. NSF report on “Knowledge Lost in Information: Report of the NSF Work-
shop on Research Directions for Digital Libraries” (2003) [18];

3. NSB (National Science Board) report on “Long-lived Digital Data Collec-
tions: Enabling Research and Education in the 21st Century” (2005);

4. NSF “Atkins Report” on “Revolutionizing Science and Engineering Through
Cyberinfrastructure: Report of the National Science Foundation Blue-Ribbon
Advisory Panel on Cyberinfrastructure” (2005) [19];

5. NSF-sponsored report with the Computing Research Association on “Cy-
berinfrastructure for Education and Learning for the Future: A Vision and
Research Agenda” (2005);

6. NSF report on “Cyberinfrastructure Vision for 21st Century Discovery”
(2007) [20];

7. JISC/NSF Workshop on Data-Driven Science & Repositories (2007) [14].

Each of these reports issues a call to action in response to the data avalanche in
science, engineering, and the global scholarly environment. For example, the NAS
“Bits of Power” report lists 5 major recommendations, one of which includes:
“Improve science education in the area of scientific data management” [17].
More recently, the Atkins Report stated that skills in digital libraries, metadata
standards, digital classification, and data mining are critical [19].

3 Computational and Data Sciences at Mason: CUPIDS

The new Computational & Data Sciences curriculum at Mason uniquely re-
sponds to the recommendations of these national studies and reports. The ur-
gent need for such a curriculum cannot be overstated, as the Atkins Report has
said: “The importance of data in science and engineering continues on a path of
exponential growth; some even assert that the leading science driver of high-end
computing will soon be data rather than processing cycles. Thus it is crucial
to provide major new resources for handling and understanding data” [19]. The
core and most basic resource is the human expert, trained in key data science
skills. As stated in the 2003 NSF “Knowledge Lost in Information” report, hu-
man cognition and human capabilities are fundamental to successful leveraging
of cyberinfrastructure, digital libraries, and national data resources [I§].

CUPIDS is the NSF-supported “Curriculum for an Undergraduate Program
in Data Sciences” at Mason in the CDS Department. The central goal for the
CUPIDS project is to increase student’s understanding of the role that data
plays across the sciences as well as to increase the student’s ability to use the
technologies associated with data acquisition, mining, analysis, and visualization.
We have five objectives for this project:

5 Funded through NSF Award # 0737091.
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1. To teach students what Data Science is and how it is changing the way
science is being done across the disciplines

2. To change student’s attitudes about and improve their confidence in using
computers to address scientific data problems

3. To increase student’s abilities to use visualization for generating and ad-
dressing scientific questions

4. To increase student’s abilities to use databases for scientific inquiry

5. To increase student’s abilities to acquire, process, and explore experimental
data with the use of a computer

As evident from this list, the goals of the CUPIDS project are focused primarily
on the Data Sciences, which are a subset of the educational goals and programs
within CDS. We describe several aspects of these programs below.

3.1 The CDS Degree Program and Curriculum

Students are required to complete a total of 18 credits (6 core courses) in com-
putational and data sciences (CDS), 15 credits in computer science, 23 credits
in mathematics, 6 credits in statistics, 21-25 credits in a science concentration,
and 3-9 credits in CDS electives. Three concentration areas are currently offered:
Physics, Chemistry, and Biology. Additional concentrations may be added to the
program in the future (perhaps astronomy, materials science, and geosciences).
For a given concentration, the 21-25 credits that a student must take in that
science discipline include the core courses that are required for majors matric-
ulating in those programs. As much as possible, the core CDS courses include
scientific examples and applications from all of the science concentrations. Of
course, this implies a certain degree of heterogeneity in the scientific knowledge
of the students who come from different fields. Consequently, the primary focus
of the CDS courses are on the techniques of computational and data sciences,
and not on the specific experimental and theoretical bases of the various science
disciplines. As part of their education, students are encouraged to undertake
an optional research project that allows them to gain useful experience in the
development of simulations and other aspects of computational science. To fa-
cilitate this interdisciplinary science environment, the CDS faculty have degrees
in the science disciplines (including Astronomy & Astrophysics, Space Weather,
Physics, Computational Fluids, Materials Science, Computational Chemistry,
Computational Statistics, Applied Mathematics, and more) and many of the
faculty have affiliations (or joint appointments) within those other departments.
The six required computational and data sciences core courses are:

1. CDS 101 Introduction to Computational & Data Sciences - Introduces the
use of computers in scientific discovery via simulations and data analysis.

2. CDS 301 Scientific Information and Data Visualization - The techniques
and software used to visualize scientific simulations, complex information,
and data visualization for knowledge discovery.

3. CDS 302 Scientific Data and Databases - Data and databases used by scien-
tists, including data types, database queries, and distributed data systems.



The New Computational and Data Sciences Undergraduate Program 79

4. CDS 401 Scientific Data Mining - Data mining techniques from statistics,
machine learning, and visualization applied to scientific knowledge discovery.

5. CDS 410 Modeling and Simulations I - Numerical differentiation and in-
tegration, initial-value and boundary-value problems for ordinary differen-
tial equations, methods of solution of partial differential equations, iterative
methods of solution of nonlinear systems, and approximation theory.

6. CDS 411 Modeling and Simulation II - The application of modeling and sim-
ulation methods to various scientific applications, including fluid dynamics,
solid mechanics, materials science, molecular mechanics, and astrophysics.

We describe below two of the core courses in more detail and we enumerate the
desirable skills that we expect for students who complete the program of study.

3.2 Course: Introduction to Computational and Data Sciences

This course provides an interdisciplinary introduction to the tools, techniques,
methods, and cutting edge results from across the Computational and Data Sci-
ences. Students are shown how computational tools are fundamentally changing
our approach in the experimental, observational, and theoretical sciences through
the use of data and modeling systems. No mathematical background is assumed,
other than high school algebra. Qualitative results are emphasized, to show the
problems and challenges facing researchers today. Examples are drawn from both
the “real world” familiar to students and also from the frontiers of science where
these techniques are being used to solve complex problems.
Upon completion of the course, students should be able to:

1. Describe how data are represented within a computer, from binary numbers
to arrays and databases.

2. Explain how scientific data are acquired, processed, stored, reduced, and
analyzed using computers.

3. Express how we create knowledge from data and information using visual-
ization and data mining.

4. Create effective ways to visualize simple data sets.

Conduct and explain simple simulations of complex phenomena.

6. Express how changing computing technologies further scientific research, and
how the technological and scientific progress are tied together.

ot

Lecture topics in the course include: the scientific method; computer internals
(binary numbers and logic circuits); computer algorithms and tools (Matlab in-
troduction); data acquisition; signal processing (understanding noise and error);
scientific databases; data reduction and analysis; data mining; computer model-
ing; numerical simulations; visualization; high-performance computing; and fu-
ture directions in computational science.

3.3 Course: Scientific Data Mining

This course provides a broad overview of the knowledge discovery (data min-
ing) process, as applied to scientific research. Data mining is the search for
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hidden meaningful patterns in large databases (e.g., find the one gene sequence
in a large genome DNA database that always associates with a specific cancer).
These patterns and relationships are often expressed as rules (e.g., if a blue star-
like object is found next to a faint unusual-shaped galazy in a large astronomy
database, then the blue object might be a distant quasar whose outburst in being
triggered by a collision with that galazy). Consequently, data mining is sometimes
referred to as the process of converting information from a database format into
a knowledge-based rule format. Identifying these patterns and rules from enor-
mous data repositories can provide significant competitive advantage to scientific
research projects and in other career settings.

Data mining is motivated and analyzed in this course as the “killer app” for
large scientific databases (i.e., a key enabler of scientific discovery). Data mining
techniques, algorithms, and applications are covered, as well as the key concepts
of machine learning, data types, noise handling, feature selection, data transfor-
mation, and similarity/distance metrics. Techniques are analyzed specifically in
terms of their application to scientific research problems. Several scientific case
studies are drawn from the science research literature, including astronomy, space
weather, geosciences, climatology, bioinformatics, numerical simulation research,
drug discovery, health informatics, combinatorial chemistry, digital libraries, and
virtual observatories. Prerequisites for this course include the undergraduate Sci-
entific Data and Databases course and mathematics/statistics courses.

Upon completion of the course, students should be able to:

1. Express the role of data mining within scientific knowledge discovery.

2. Express the most well known data mining algorithms and correctly use data
mining terminology.

3. Express the application of statistics, similarity measures, and indexing to
data mining tasks.

4. Identify appropriate techniques for classification and clustering applications.

5. Determine approaches used for mining large scientific databases (e.g., ge-
nomics, virtual observatories).

6. Recognize techniques used for spatial and temporal data mining applications.

7. Express the steps in a data mining project (e.g., cleaning, transforming,
indexing, mining, analysis).

8. Analyze classic examples of data mining and their techniques.

9. Effectively prepare data for mining and use data mining software packages.

Lecture topics in the course include: scientific motivation for data mining; quanti-
tative and statistical concepts; software packages; data preparation (previewing,
cleaning dirty data, normalization, transformation); distance and similarity met-
rics for clustering and classification; supervised learning methods; unsupervised
learning methods; scientific data mining case studies; and special topics (time
series, image mining, spatial data, and outlier /event/anomaly detection).

3.4 Results from the Program and Future Work

Early results from the program include the following: (a) the B.S. (CDS major)
was approved in 2007; (b) the minor was approved in 2008; (c) the first courses
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(CDS 101 and 302) were offered in Spring 2008; (d) additional courses (CDS 301
and 401) were offered in Fall 2008; (e) ~10 students are currently majoring in
the program; and (f) one new course has been approved and will be offered in
the coming year: CDS 151 Data FEthics in an Information Society.

We have identified a need for additional courses in order to retain students in
the program. The initial selection of core courses includes only one course before
the Junior year: CDS 101. This was not a problem with the first wave of stu-
dents majoring in the program, all of whom were Junior-level transfer students.
To address the retention problem for the newest students, we are developing ad-
ditional courses, which may include courses in computational tools for scientists
and discipline-specific topics. We have received a small “pedagogy” grant from
the Mason College of Science to develop a new Gen Ed course for science majors:
CDS 120 Computational and Data Tools for Scientists. This course will employ
novel student-led peer instruction approaches, to enable the course to scale to
large numbers of students. The goal is to make this course the default compu-
tational tools course for all science majors at Mason. At present, these students
take a computer languages course from the I.T. school, which does not have a
science focus nor does it include scientific applications. CDS 120 will cover pre-
sentation tools (Powerpoint, HTML), analysis tools (spreadsheets), databases,
search methods, basic programming in Matlab, overview of data acquisition and
signal processing, and numerical simulations (verification and validation).

In the area of discipline-specific courses, we are considering developing a basic
course in tools for computational biology and bioinformatics, to meet the specific
needs of students in Biology. Though this course is biology-specific, it is consis-
tent with another discipline-specific course that is now under review: “Materials
Science with Applications to Renewable Energy.” We are also discussing with the
Mason Physics & Astronomy department a concept for developing a course in
Astroinformatics. In these cases, we are drawing upon the considerable expertise
of the CDS faculty in specific science areas to develop and to offer computational
and data science courses for majors in those scientific disciplines. Such courses
would not be required for all CDS majors, but they will be appropriate electives
for CDS students in the corresponding science concentration.

3.5 Similar Programs at Other Universities

We are aware of a few similar programs at other universities. In nearly all of these
cases, the focus is either on (i) computational science (with little attention to data
sciences), (ii) data sciences (generically, not within the context of teaching sci-
ence), or (iii) data sciences within the context of a single specific science. Type (i)
progams include the CACR (Center for Advanced Computation and Research)
at Caltech (who do have a strong connection with Astronomy and therefore are
moving toward a focus on cyber-enabled data sciences), and many other computa-
tional science programs (e.g., LSU’s CCT, U. Texas’ TACC). Type (ii) programs
include the Discovery Informatics program at the College of Charleston. Type (iii)
programs include the POCA (Partnership in Observational and Computational
Astronomy) at SCSU and Clemson University, Purdue’s Discovery Informatics
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program, the emerging joint programs between CS and astronomy departments
at Notre Dame, and similarly at U. Michigan. Beyond these are the science
programs in data sciences, including Cornell’s new DISCOVER data-driven sci-
ence progranﬁ (with a focus on astronomy plus other disciplines) and the new
e-Science Institute at U. Washingtorﬁ (focusing on oceanography, environmental
sciences, and astronomy) — these two programs appear to be most similar to the
Mason CDS program.

4 Conclusions and Summary Remarks

Computational and Data Sciences are emerging fields involving applications of
sophisticated simulation and data-oriented methods to build models and solve
problems in science and engineering. Recently emerged interdisciplinary areas
in the chemical, physical and biological sciences (such as biotechnology, nan-
otechnology, molecular electronics, photonics in nanoscale systems, and energet-
ics of DNA /protein binding) require highly-qualified professionals with strong
computational skills to work closely with experimentalists in solving complex
scientific and engineering problems. Emerging data-intensive science fields (such
as Geoinformatics, Bioinformatics, Astroinformatics, and Materials Informatics)
require specially trained professionals with strong data skills to address ubig-
uitous data-intensive applications in science, industry, and government. Com-
putational and data sciences complement existing theoretical and experimental
science approaches and may be thought of as a new mode of scientific inquiry.

The new CDS undergraduate science program at Mason complements the
existing graduate program in Computational Science & Informatics (CSI), which
has existed since 1992, having graduated 175 PhDs to-date. There are over 90
graduate courses in the Mason CSI program, covering many science disciplines.
In conclusion, we summarize the key features of the CDS program:

— Who?— Students with a broad interest in computers and sciences will benefit
from the program.

— Why? — Students graduating with a traditional discipline-based bachelors
degree in biology, chemistry, or physics generally do not have the required
computational background necessary to participate as productive members
of modern interdisciplinary scientific research teams, which are becoming
increasingly computational- and data-intensive. The motivating theme and
goal of the CDS program are to train the next-generation scientists in the
tools and techniques of cyber-enabled science (e-Science) to prepare them to
confront the emerging petascale challenges of data-intensive science.

— What? — The BS program in CDS provides science students with a variety of
opportunities to become research professionals possessing interdisciplinary
knowledge, including sciences and applied mathematics, augmented with
strong computational and data-oriented skills. This program has a signif-
icantly stronger focus on data-oriented approaches to science than do most

5 http://arecibo.tc.cornell.edu/DRSG /Links.aspx
" http://escience.washington.edu/
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Computational Science and Engineering (CSE) programs. Graduates from
this program will acquire interdisciplinary knowledge and will be able to
apply scientific principles in solving complex real-world problems.

How? — Students in this program are exposed to a wide range of computa-
tional and data science applications, and will learn computational science
tools, high-performance computing, applied and theoretical computational
techniques, modeling and simulation, statistical analysis, optimization, data
& information visualization, scientific database applications, scientific data
mining & knowledge discovery in databases (KDD), and data-intensive sci-
ence research methods. The CDS program has been designed specifically
to focus both on simulation (Computational Science) and on data-intensive
applications (Data Science) within an interdisciplinary science environment.
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Abstract. Hardware and software technology have outpaced our ability
to develop models and simulations that can utilize them. Furthermore,
as models move further into unfamiliar territory, the issues of correctness
becomes more difficult to assess. We propose extending classical argu-
mentation structures as the basis for computational science education.

1 Human Centric Computing — The Argument

Computation and computational science has rightly emphasized hardware and
software development. But the hardware is now far more advanced than the
software developers can take advantage of and the scientific problems are more
complex than those of fifty years ago. Now that computing is pervasive (if not
invasive) it is time for humans to catch up. Kurtzweil’s “singularity” not with-
standing, we must modernize human interaction with computing. The futurists
seem to be divided into two camps: pervasive computing and human centric com-
puting (HCC). Once again, however, technology and not people are the focus,
with overriding objectives of making the technology transparent or letting each
sector focus on what it does best.

— The pervasive computing camp argues that I'T needs to “get the end user
experience right,” focusing on designing devices that are easier for users to
interact with in order to find relevant information.

— The objectives of human-centric computing are not to focus on the devices
themselves, but rather to create an entire solution so that the human, rather
than the device, is always connected.

This is all very exciting: but the human also needs a tune-up, meaning that the
education of the 21st Century computational scientist cannot just be more detail
at a higher level using the same techniques as those used fifty years ago. So far,
the future is about more speed, not about more understanding. The fundamental
question before computational science is still “How do we know it’s right?”

Since it was fair to test machines for intelligence, machines might test humans
with a variant of the Turing test that I will call a Kurzweil Test:

A machine judge engages in a “machine language” conversation with
one human and one machine, each of which try to appear as machines.

G. Allen et al. (Eds.): ICCS 2009, Part 11, LNCS 5545, pp. 84{92] 2009.
© Springer-Verlag Berlin Heidelberg 2009
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All participants are placed in isolated locations. If the judge cannot reli-
ably tell the human from the machine, the human is said to have passed
the test.

But we are before the singularity, so the Test is to determine if a machine
is more intelligent than the human. What do we mean by “more intelligent”?
I approach the test by using Bloom’s Taxonomy (Fig.[Il), which orders cognitive
tasks from lowest to highest, as the measure of intellectual achievement and ask
questions based on the standard verbs used to identify levels. Now we must ask,
“Kurzweil machines will be able to pass the Turing test, will our students pass
such a Kurzweil test?”

Remembering |define, recall, repeat, reproduce state
Understanding|classify, explain, identify, translate, paraphrase
Applying choose, demonstrate, interpret, operate, solve, write.
Analyzing appraise criticize, examine, experiment, question, test.
Evaluating defend, judge, select, value, evaluate

Creating construct, create, design, develop, formulate, write.

Fig. 1. Bloom’s Taxonomy as modified by Lorin Anderson

We can hope that the Ph. D. students can pass a Turing test in their field, but
undergraduates probably cannot. Firstly, there is a disconnect between student’s
abilities to respond to requests to develop artifacts and teachers’ expectations.
In learning to program, for example, we immediately ask students to create
artifacts when their cognitive abilities are still in the lower three categories.

Secondly, the current idea that critical thinking is an ultimate skill to teach
leaves us short of creating things: critical thinking is analyzing and evaluating,
not creating. In fact, if one looks at classical rhetoric, one finds that critical
thinking is a subordinate skill to argumentation.

We extend the concepts presented in [2]. Sect. 2l describes computational sci-
ence problems as we propose they should be solved in a classroom. Sect. Bl dis-
cusses a pedagogical approach Systems-Questions-Explanations (SQE). Finally
we introduce the addition of argumentation as a pedagogical approach to com-
putational science (Sect. H)) followed by an example (Sect. Bl). We collect our
major points in Sect. [6l

2 The Problem

Computational science in its broadest sense is the modeling of systems. But
system models, by themselves, are not necessarily correct. Aristotle was a prolific
modeler whose models carried the force of law for almost 2,000 years — but he got
the structures of both the universe and biology wrong. Francis Bacon argued in

! This tongue-in-cheek version is Wikipedia’s explanation of the Turing test [1] with
“human” and “machine” swapped.
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his Novum Organon that models must be validated by experiments: the Scientific
Method. It is now recognized that the Scientific Method is supported by a third
leg: computing. Correctness is an ever more important now than with Bacon and
the terms verification and validation are used to describe the processes. Recently,
Wilson added reproducibility so we now abbreviate the “correctness” process as
VV&R.

Despite our advanced computer systems, models and simulations are still de-
veloped by people. Traditional science and engineering education proceeds by
showing the student a number of models, then asking the students to apply
these models to textbook problems. This pedagogical approach assumes that
students learn to model by exposure. Our data shows that the students are not
learning how to create models.

Experiences with incoming science, technology, engineering, and science
(STEM) students at Clemson indicates that students do indeed have the facts
at hand that we suppose they should have. Many students have high SAT/ACT
scores and high predicted GPAs; yet many never complete a STEM degree. One
possibility is that these students do not have the critical thinking skills required
to analyze scientific models; however, critical thinking skills testing we have con-
ducted (with IRB approval) shows that these students seem to have the critical
thinking skills of relatively mature thinkers [3]. In other words, we have students
who are at the evaluting stage in Bloom’s Taxonomy but still are not thriving.

The students seem not to understand how to structure an argument, nor are
they able to evaluate their own arguments. As discussed in Parham, Chinn,
and Stevenson [4], students have trouble solving unstructured problems that
have many transitions among the six Bloom elements. By using verbal protocol
approach, we were able to trace the students use of information and metacog-
nition. Reviewing, analyzing, and evaluating student or historical arguments is
one way to practice critical thinking. We can also practice argumentation by
reviewing, analyzing, and evaluating arguments. But argumentation should also
require students to structure an argument then review and self-evaluate it [5].
One approach we are trying is to organize modeling classes around classical ar-
gumentation methods. Argumentation is both a process (the discussion) and
a product (the outcomes) consisting of three parts: rhetoric, reasoning and di-
alectic. Rhetoric means development of knowledge through communications and
dialectic is discovering and testing knowledge through questions and answers. To
conduct an orderly argument, we must share standards and appraisal methods
relating to knowledge and the reasoning schemata.

3 How Do Humans Formulate Models? SQE

The first step in solving any problem is to construct a model of that problem,
and this first model is a mental model. The same process of modeling is needed to
install new ideas in our personal knowledge bases. The term mental model is used
both in formally and informally. Many disciplines have their own interpretations
of the term model, but we use three interpretations: (1) model of a physical
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system (physical sciences), (2) models of axioms (logic), and (3) mental models
(psychology). The basic interpretation of model is a set of logical (not necessarily
classical logic) statements made about the modeled phenomenon that are jointly
true — recall that mathematical equations are true or false. The processes for
showing models (or simulations) are true are called verification and validation.
The “subversive” purpose of this paper is to propose a practical approach to
VV&R education.

While the results of a modeling study are external artifacts, the process of
developing models is primarily psychological and sociological. Focusing too much
on the external artifacts lends no insight into the thinking process: the reasoning
process that education must hone, something quite different than having more
theorems and laws. Questions concerning human reasoning are not new, but
many modern studies started in the mid-1970s. Philip Johnson-Laird [6] based
his concept of mental model on models of explanation put forth by Kenneth Craik
[7]. Craik proposed a three step process: (S1) translation of original problem
statement to an internal representation, (S2) the manipulation and reasoning
to develop a solution, and finally (S3) the re-translation of the solution to an
external medium.

We discuss S1 and S3 in this section and Step S2 is discussed in @l Step S1
is a linguistic step, emphasizing two auxiliary steps: association of words with
concepts (mind maps) and the association of concepts and relationships (concept
maps). At the end of the translation step, the internal representation is a graph
of schemata. Schemata are units of knowledge proposed by Immanuel Kant and
finally popularized by John Anderson in the ACT* models. Work on schemata
and their use in problem-solving in computer science is being studied at Clemson
under the author. Step S3 is interesting in computational science because the
output form is usually quite different than the input: complex natural language
in, complex computer system out.

3.1 Psychology

The author began studying the human aspect of modeling and simulation ap-
proximately fifteen years ago, primarily studying problem-solving as described
by Sternberg [8]. There are five aspects of problem solving: modeling (planning),
reasoning, knowledge, critical thinking, and creative thinking. Bushey [3] ex-
plored the role of critical thinking, showing that successful computer scientists
are critical thinkers. As research continued into the psychology literature, we
soon focused on the issue of knowledge and how it is used.

Anderson [9] proposed the first of a series of modeld? collectively called ACT*,
based on the concept that humans hold knowledge in certain memories, that
these units of memories are connected, and that we use pattern-matching to find
new connections. The dynamics of how this might occur were partially estab-
lished by Marshall [10]. While Marshall established some evidence for schemata,
she did not establish how we recognize mistakes. This process is now known

2 These models are an active domain of research in cognitive psychology.
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as metacognition, first introduced by Flavell [II]. The emerging picture is that
the problem solver recognizes patterns of information that identifies schemata
and their connections with metacognition playing a control function. Schemata
themselves seem to be units of knowledge with ability to determine applicability,
planning, and execution requirements.

4 Systems, Questions, and Explanations

This is still an unsatisfactory explanation of how humans learn to be model-
ers: how did Einstein happen on his elevator? Our goal is to understand the
tools needed to model a system and inculcate them into the students. This was
discussed in Stevenson [2], which proposes that the modeling is based on three
foci: Systems, Questions, and Explanations (SQE). The reasoning for the SQE
model is as follows: In order to ask a meaningful question, one must first have
a system in mind. The system effectively defines the context, rules, and condi-
tions that the system obeys and provides a vocabulary of variables and values
(at resolution) to provide semantics for both the question and the answer. With
the system and question, one can provide meaningful answers, which themselves
must be explained; justification is just one aspect of explanation.

Inference
Evidence e Claim

Warrant

Fig.2. Simplified Unit Argumentation Cell. Four fundamental information types.
Claims are the conclusion. Evidence supports claims through inference. Inference is
justified by warrants.

The development of an argument relies on the structure shown in Fig. 2l
Classically, these parts are logical statements playing four roles:

1. Claim. This is the statement to be the conclusion.

2. Inference. A gap can be filled by inference based on the structure of the
model. These inferences must be justified (warranted).

3. Evidence and Hypotheses. A gap may be filled by hypotheses that must then
be proven.

4. Computation. A gap may imply enough conditions that a computation is
feasible and practical.
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This particular approach comes from a basic observation: one must argue that
a model is correct and therefore the model is the argument. This model accepts
the closed world view. In the open world models, there are defaults and uncon-
trolled logical situations; in the closed world, all propositions must be expressed
explicitly. There are fine lines of distinction between claims, evidence, inference,
and warrants that the student must wrestle with, but it is a clear framework.

Finally, the work on mental models [T2/T3] shows that most people use infor-
mal methods of reasoning [5]. Evidence indicates that we reason through logical
models, but not necessarily using classical (simple syllogistic) logic. One ap-
proach, for example, might be to integrate new information in the older model,
then deal with the contradictions and incoherencies. The basic problem is that
classical logical deduction only works if we have all the facts and we have a set
of axioms and we have a set of rules of inference. By definition, as we learn we
do not have those things — they’re a work in progress. This particular issue is
now known as “informal logic”.

4.1 Argumentation

Classically, there are three parts to discourse: logic, dialectic (discussing the
truth of opinions) and rhetoric. A major theme in rhetoric is argumentation,
including debates. [Note: There is no way to do justice to argumentation in such
a short paper. We present a very short overview]. Arguments are decision-making
processes that is carried out in an uncertain environment. An argument consists
of four elements: claims, evidence, inference, and warrants, themselves logical
statements. Claims are the conclusion of an argument and are not necessarily
universal truths and hence the participants values, priorities, and methods of
judgment are crucial. In order to arrive at a comon ground, the participants
must adopt

— A critical thinking regimen,

— A common language and semantics,

— Procedural assumptions and norms

— A common frame or frames of reference

Fundamental reasoning skills are essential. The Unit Cell (Fig. 2]) is effectively
the rationale for accepting the claim when an inferential step should be accepted.
Conclusions (claims) must be justified (warranted). Unlike formal syntactic jus-
tifications, arguments can be subjective [I4], because knowledge can also be
subjective. The adoption of skepticism is required, hence critical thinking is a
key component. Knowledge has degrees of strength and is always provisional:
our understanding could change with a simple experiment.

How can we use this for 21st Century education? The subject provides a
framework to consider the development of a field. The following classical subjects
form such a framework [I5/16]:

— Evaluating Evidence. This is the study of both good and bad arguments.
This is similar to requiring students to look at models and deciding whether
they believe the evidence. The first third of [I7] emphasizes these skills.



90 D.E. Stevenson

— Understanding the Issues. Students often do not know what the issue is when
it comes to analyzing a problem. Most problems have a limited number of
issues that must be addressed, but those issues must be apparent to the
students.

— Case Construction. Case construction is the heart of argumentation, by this
I mean choosing the unit cells (Fig. Bl)you wish to use. Each subject has a
limited number of standard arguments that any competent practioner un-
derstands.

— Inferences and Warrants. While most academic subjects try to use classical
logic (But not intuitionistic logic ... grist for another article), the psycho-
logical studies of human reasoning indicate humans do not naturally do so.
Formulating the statement is not the same as warranting (justifying) the
statement. Physics principles such as Conservation of Energy laws fit in this
area.

— Fallacious Reasoning. Fallacies take up a large portion of argumentation
classes, but it is not clear how much time should be taken up in “applied”
classes. Some disciplines such as mathematics have famous fallacies (the pons
asinorum, for example).

Fortunately there are already examples of such approaches in computational
science.

Test Driven Development (TDD). This is a method of developing software
that adopts a test-first approach. Instead of writing a complete program first
and then testing the program once it has been developed, TDD has the software
programmers constantly testing the software from the first step. Tests are created
for most or all of the individual elements of a program, such as the functions,
objects, etc.

Model-Based Techniques. Model-based testing is closely related to model-
based specification. Models are used to describe the behavior of the system
under consideration and to guide such efforts as test selection and test results
evaluation. Both testing and verification are used to validate models against the
requirements and check that the implementation conforms to the specification
model. Of particular importance are formal models with precise semantics, such
as state-based formalisms. Techniques to support model-based testing are drawn
from diverse areas, like formal verification, model checking, control and data flow
analysis, grammar analysis, and Markov decision processes.

Patterns as Schemata. The formal descriptions of patterns, as in [I8], are
attempts to describe successful solutions to common problems. Patterns exist
across the knowledge spectrum, in all disciplines. Software patterns are a type
of schemata. Educating students to recognize patterns helps connect them with
their own knowledge rather than just resolving a problem. Not only do patterns
teach useful techniques, they help people communicate better, and they help
people reason about what they do and why.
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This is not very mystical: electrical engineering circuit diagrams are a type of
pattern. Recognition of patterns as decomposition tools in problem solving is a
hallmark of expertise. A person’s collection of schemata concerning a problem
form a graph representing that person’s knowledge: a language about a particular
program providing vocabulary for talking about a particular problem. Patterns
have a context in which they apply.

5 An Example

An example of how this approach can be used actually occurred recently in
one of my classes. This class has a semester-long project with seven milestones.
Starting with Milestone 2, the students must test their own code before I do.
One would think that seniors know how to think about testing such a project
— unfortunately, ours do not. Therefore, the problem to be solved is “how to
thinking about testing.”

What is a model to the problem at hand? They want to claim that they have
completely tested their code. I drew the unit cell on the board and labeled it.
I then asked the students (I use problem-based learning exclusively), “What do
you want to claim?” It took some time for them to respond, “We want you to
accept our milestones as correct.”

“What is your evidence”?

This took considerably longer before they could formulate that the evidence
was actually four separate classes of processing. The project they were working
on requires them to accept input or reject it. While they finally determined that
there were four classes of input to demonstrate, they never did determine that
they also had to show they should reject some inputs. When I pointed that out,
we have eight separate types of test inputs.

“Why should I believe you”?

Again, this took some discussion, but we finally agreed that they were present-
ing direct evidence and could map the specification onto the inputs and outputs.

6 Conclusions

Early versions of this paper were laid out in a tableau format to simplify the
task of organizing the material. An interesting observation is that the tableau is
almost exactly what Euclid taught in the FElements. The connection is important,
but our main message is this:

To develop the best in our students they must reach the “creating” level of
Bloom’s Taxonomy as quickly as possible.

To be at the creating level means that both critical thinking and argumen-
tation (modeling) must be emphasized.

— Modeling begins with mental modeling.

Modeling is an inductive process.

Final Comment. It may seem odd that there is little mention of reasoning and
logic. There are several reasons for this, primarily the fact that any discussion
of these subjects is a paper unto itself.
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Abstract. This paper presents a mathematical modeling module for ODE
courses. The module uses light-weight systems engineering approach to pro-
mote the competency of undergraduates to overcome the complexity in applied
mathematics problems. The mathematics training of undergraduates in most
colleges is limited to solving applications with a couple of variables in few
steps of computations. Once faced with problems beyond that level of complex-
ity, they are not only challenged to plan a scheme for finding solutions, but also
to provide justification for their answers. This module combines an iterative
modeling process with the compartmental analysis methodology to leverage
these challenges. Verification and validation techniques are introduced for as-
suring the soundness of answers. The query-based process forces the students to
trace critical mathematics equations to the corresponding phenomena of the
problem under consideration. Examples within the module are arranged with
incremental complexity. Stella is used as a modeling and simulation tool

Keywords: Compartmental Analysis, Validation and Verification, Query-
Based Modeling Process, Kolb Cognitive Complexity.

1 Introduction

The mathematics training of undergraduate students in most colleges is too simplistic
and does not train students to deal with more complex applications. Simplistic prob-
lems usually involve limited number of variables with very few steps of computa-
tions. Once faced with problems beyond that level of complexity, they are challenged
to plan their scheme to solve it. Even if they manage to find the solution, most stu-
dents are unable to justify their answer. This module combines a mathematical model-
ing (MM) process with the compartmental analysis methodology to deal with these
challenges. The case studies in this module demonstrate how to divide a complex
problem into smaller problems at a level comprehensible for our students. The models
in each case study are organized with increasing complexity so that students can
incrementally progress from simple to more complex applications. A new model is
obtained from previous ones by gradually relaxing unrealistic assumptions and con-
sidering additional factors [9] and [10]. Verification and validation (V&YV) techniques

G. Allen et al. (Eds.): ICCS 2009, Part IT, LNCS 5545, pp. 934102, [2009.
© Springer-Verlag Berlin Heidelberg 2009
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[7] are introduced to ensure the validity of the answers. Instructive questions are de-
signed to guide students to obtain their own answers and force them to trace critical
mathematics equations to the corresponding phenomena of the problem under
consideration. With the use of appropriate computational tools, students can obtain
numerical solutions for the complicated system of equations that they cannot solve
analytically [1]. We choose Stella by ISEE systems [3] and [4] as our main modeling
and simulation tool. This module illustrates to students how mathematics rigor can be
combined with visual intuitiveness of computational tools to obtain insightful answers
to mathematical applications.

2 Outcomes and Assessment Plans

The objectives of the module are as follows: 1: Teach students basic modeling meth-
odology and process. 2: Train students to use tools to model an application incremen-
tally. 3: Introduce the concepts of validation and verification. 4: Cultivate students’
ability to relate their answers to the insightful observations to the applications. 5:
Demonstrate the power of mathematics as a scientific language. The original module
outlined the outcomes for the knowledge, skills and competency (KSC) of the mod-
ule, described the Kolb Complexity level defined in [11], and provided an assessment
plan [2] and [6] associated with outcomes. It is omitted here due to space limitation.
The summative evaluation consisted of 5 survey questions associated with each of the
5 objectives mentioned above and two questions relating to the overall feedback of
the module delivery and the team projects.

3 Mathematical Modeling Process

Mathematical Modeling is an interdisciplinary subject that applies systems engineer-
ing principles to mathematical applications. It provides the methodology and the
process to transform application problems to mathematical problems. A mathematical
model uses mathematical language to describe a system. There are several types of
mathematical models and modeling methodology. Scientists and engineers often
model two types of changes: a continuous quantitative change such as change of ve-
locity, or a discrete qualitative change such as changing traffic lights. The continuous
phenomenon is typically modeled by differential equations; and the discrete phe-
nomenon is typically modeled by state machines or graphs. We would like to focus on
the differential equation models of continuous phenomena.

Every branch of systems engineering follows a process and some kind of method-
ology to model a system. We present an iterative modeling process as illustrated by
the schematic diagram Fig. 1. It is a recommended general framework for working
through a problem from model formulation to answer justification. The process con-
sists of two reverse loops. The counterclockwise loop indicated by solid arrows is
called Problem Solving Loop (PSL) and the clockwise loop indicated by dotted ar-
rows is called answer justifying loop (AJL). The steps in both the loops are to be iter-
ated until a satisfactory answer to the original problem has been reached.
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PSL1: Identification of Facts, Assumptions and Invariants. What are the relevant
factors; such as known or unknown quantities and their units? What are the invari-
ants; such as physics laws, etc.? These invariants are called conceptual models and
are observable from domain knowledge of the concerned application or simple com-
mon sense. It can be described in natural language such as English. What are the as-
sumptions that the conceptual model is based on? How realistic are those assumptions
ranging from most idealistic to most realistic? What are the tradeoff decisions be-
tween the fidelity of the model and the easiness to find solutions?

PSL1 Identification of Facts,
Assumptions & Invariants

Conceptual
Model

Problem

AJL3 Validating

Sua.412sqQ
v
Sunesuel], 71Sd

IR 03 1X9],

PSL4 Answering

PSL3 Computing

. Symbolic/Numerically
Solution /

Simulation

Math Model

AJL2 Verifying

Fig. 1. The counterclockwise loop PSL and clockwise loop (dotted arrows) AJL

PSL2, Translating the Identifications above to Mathematical Expressions. Spec-
ify a coordinate or reference frame system to indicate each known or unknown
quantities as parameters and variables. Use a table to map each mathematical variable,
parameter to its designated quantity, positive direction, and unit. Translate the con-
ceptual models to mathematical models using the mathematical notations specified
above. The symbolic representations of the conceptual models lead to primitive
mathematical models.

PSL3, Computing Symbolically or Numerically.What type of equation is it
(e.g. linear or nonlinear), does it have a solution, and is the solution unique? Is it pos-
sible to obtain exact analytic solution or is only numerical solution possible? What
tools and programming languages could be used to obtain the solutions?

PSL4, Answering. Does the problem require a functional relationship or a particular
numerical answer? A functional relationship may be answered by an analytic func-
tion, a graph, or a simulation by a computational tool.

AJL1, Observation. What are the observable facts that are related to the answers in
special points such as initial, average, median, or terminal? What is the long term
trend? Can the answers be used to explain the phenomenon in terms of the domain
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knowledge of the application problem? In most scientific or engineering fields, it de-
pends on available data.

AJL2, Verification. Verification is the action to check whether the analytical solu-
tions are correct or whether the numerical solutions approximate the exact ones within
a controlled range of error. Is there any analytic way to check the answers? If numeri-
cal solution is given, what is the relative accuracy? Is it possible to obtain analytic
solution in some special cases to check the numerical solution? For example, is it
possible to use phase plane equation to check the ratio of two related variables of nu-
merical solution? Is the algorithm correct and how can it be checked? Is the sign or
magnitude correct and how can they be checked?

AJL3, Validation. Validation is the task of checking if the assumptions of the model
are based on sound domain knowledge of the problem and if the essences of problem
are properly formulated by the model. Do the resulting equations correctly model the
application problem? How can the assumptions be justified? Are there any assump-
tions highly unrealistic and can they be relaxed so as to improve the fidelity of the
model? Do the units on both sides of the equations match? Is it possible to get an in-
tuitive understanding of some qualitative answers? If so, does the model make sense
by simply observing the qualitative relationships of variables? What are the special
case scenarios of your model so that it reduces to one of the known basic models?

4 Compartment Analysis

Stella meta-models embody the compartment analysis methodology. To help students
understand Stella diagrams, the original module of this lecture started with the intro-
duction of the basic idea of Stella. Then, we discussed the conceptual model of single
compartment system. Due to space limitations, this paper only presents the concep-
tual model of multiple compartment system and two examples, with one focusing on
the compartmental methodology and the other on the process.

Most natural or artificial system is composed of components each of which fulfills
certain functionality and interacts with others in certain patterns. A well organized
component can be abstracted as a black box, where only the inputs from and outputs
to the other components or the environment matter to the problem under considera-
tion. We define such a component of a system as a compartment [5]. The methodol-
ogy of modeling and analyzing a system as functionally decomposed compartments,
according to their interacting patterns is called compartmental analysis. Since only
inputs and outputs matter, each of them can be treated uniformly and systematically
as follows. Let xi, x,,... x, be the n unknown compartmental variables that are func-
tions of time 7, input;, output; represent the input from and output to the environment,
input;;, output; represent the input from the j-th compartment to the i-th compartment
and the output from the i-th compartment to the j-th compartment respectively that are
possibly functions of time 7, where 1 <i<n and 1 <j < n. Then, Fig. 2. describes the
quantitative exchange of the compartmental variables x; to other compartments and
environment.
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Fig. 2. Diagram for the i-th compartment of a system

Only the inputs and outputs contribute to the quantitative changes of the CVs.
The rate of change of the i-th CV over unit time = The i-th CV now —The i-th CV a
unit time ago. That is:

Sy here 1 <i < 1
o = Zl [input (1) — output, (t)] where l <i<n, (D
=

Since there are n similar equations corresponding to each of the n compartments,
we obtain an nxn system of equations along with the » initial conditions.

Example 4.1. A large tank holds 1000 L of brine solution of salt with concentration 1
Kg/L. A brine solution with low concentration of salt begins to flow into the tank at a
constant rate of 4 L/min to dilute the resolution and the well stirred resolution flows
out of the tank at the same rate of 4 L/min. If the solution of the brine flowing to the
tank has concentration of 0.2 Kg/L, determine when the concentration of the salt of
the brine will be diluted to 0.6 Kg/L.. What is the concentration of the brine after very
long time?

Solution. The focus of this example is the basic idea of compartmental analysis, so,
we skip many process details and calculations. We find that the variables are the in-
dependent variable #: time and the compartment variable x(¢): the amount of pure salt
at time 7. We observe that the volume V of the brine in the tank is invariant since the
rate at which the solution flows in is equal to the rate at which the solution flows out.
We list the assumptions as follows: 1: The flow continues indefinitely, 2: The brine
inside the tank has uniform concentration , 3: The only change in the amount of pure
salt in the compartment is due to the difference between the amount of salt flowing in
(input) and out (output).

Now, we consider the change of x(¢) per unit time on both sides of the conceptual
model in (1) 1 at #, we have: input(t) = 0.8 Kg/Min, output(t) = x(t)/250 Kg/Min.
Initially, x(0) = 1000 Kg. By (1), we have the initial value problem and its solution as

x'=0.8—x/250
x(0) =1000

@)

x(t) = 200+ 800e~"/>° 3)
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Answers. The concentration of the salt of the brine will be diluted to 0.6 Kg/L after
152.25 minutes, and will be close to 0.2 Kg/L after a very long period of time.

Example 4.2. Two tanks, each holding 100 liters of a brine solution, are intercon-
nected by pipes. Fresh water flows into tanks A at a rate of 6 L/min and the fluid is
drained from tank B at the same rate. If 8 L/min of fluid are pumped from tank A to
tank B, and 2 L/min from tank B to tank A, and the liquids insides each tank are well
stirred so that the mixture is homogeneous, also assume that the brine in tank A con-
tains 6 kg of salt and brine in tank B contains 60 kg of salt initially, determine the
mass of salt in each tank at time t = 10 minutes, 15 minutes and 24 minutes.

Stella incorporates the compartment analysis methodology in its meta-models. The
analogy of interconnected flows and reservoirs between Stella components, allows
users considering a system as compartments, exchange quantities through Stella’s
input and output interfaces. We adapted a few steps of the process to demonstrate how
to use the process and Stella to solve the problem.

PSL 1. Facts a: Variables: Amount of pure salt in tank A and tank B - APureSalt, and
BPureSalt, b: All other facts identified will be represented by converters in the Fig. 3.
Assumptions a: The flow continues indefinitely, b: The brine inside the tank has uni-
form concentration, c: The change of salt results from the difference between input
and output. Invariants a: The change rate of APureSalt per min = AFlowln +
FlowBtoA — FlowAtoB, b: The change rate of BPureSalt per min = FlowAtoB —
FlowBtoA — BFlowOut. A conceptual model is shown in Fig. 3.

PSL 4, Answer the question. The solutions are given by either a graph or a table.
The amount of pure salt in tanks A and B at times # =10, 15 and 24 are: (8.86, 33.53),
(8.32,25.31), and (6.58, 16.11) Kg, respectively.

AJL1, Observe the answer. Observe the answers in special points such as initial, or
terminal, and the long term trend. The amount of salt in both tanks can be found to be
reducing simultaneously, which confirms our understanding, since pure water flows
in to dilute the brine solutions which were in the tank.

FlowAtoB _ FonAeBoe Sy vAtoBRate
IOWALO oncentratfon
APureSalt BPureSalt (FE VolumeA s voumes
9 i AFlgivinConcentration APureSalt BPureSal BFlowQutConce
AFlowIn A\,:@: AFlowin
BFlowOut
FlOWBtOA AFlowInRate FlowBTo; fowOutRate
Fig. 3. Conceptual Model Fig. 4. Mathematical Model

5 The Motion of Floating Objects

In the original module, we gave two examples to study the oscillation of spring-mass
system, one is a simple spring-mass system and the other is a coupled spring-mass
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system. Students learned how to introduce intermediate variable to transform higher
order equations to system of first order equations and then to solve them using Stella.
Here, we will study the motion of floating objects based on the understanding of the
oscillation of spring-mass systems.

Consider the motion of a floating object with mass m, as illustrated by the Fig. 5.
Let z be the displacement of the centroid of the object from the surface of the water,
V(z) represent the volume of the object submerged, p the density of water, b the
damping coefficient of water friction. Then, the weightW = —mg , (g is the accelera-
tion due to gravity) the buoyant force B = pgV(z), frictional force f =-b7z'(t),
where z'(t) is the velocity of the floating object. By Newton’s second law, we

havea, = B+W + f and a_ = z"(), hence

mz "'(t) = pgV (z) — mg — bz '(t) “4)
Rewriting it in standard form for second order ODE, we get:

2" O+ O Im)z'(t)—(pg/ImV(z)+g =0 &)

General equation of motion for sedimenting objects
B .

42 g I
¥

Fig. 5. Fig. 6.

Example 5.1. A solid cube that has 2 feet side length is initially released on the water
surface from rest. If the density of the solid is a half of the water’s density p and (a)
the water friction can be neglected, (b) the damping coefficients of water friction is
499.2 1b-sec/ft, find the equation that governs the oscillation of the cube. (c) Build a
general model for the motion of a floated solid cube with its density below that of
water and its friction coefficient flexible from zero to 1000 1b-sec/ft, and then use the
parameters given in (a) and in (b) to simulate the motion of the cube.

Solution. Let z be the displacement of the centroid of the object from the surface of
the water, V(z) the volume of the object submerged, L the length of the cube, then

V()= (LI2-2)=L12-Iz (6)
Because the equilibrium point of the cube is where the buoyant force equals the
mass of the object, we have: pgV(z) =mg, m=L (p/2), since the density of the
cube is p /2 where p is the density of water, then m=L(p/2), and instantiating all
parameters with known constants, we get (7) for case (a) and (8) for case (b).
72"(t)+32z=0
z2(0)=1;z'(0)=0

)
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() +2z2'(1)+32z2=0
z(0)=1,z'(0)=0

®)

Notice that (7) and (8) are exactly the same as the equations for spring mass sys-
tem. Hence, we observe that the motion of a cube in water is similar to the oscillation
of a spring mass system.

(C) If the density of the cube is an arbitrary constant &, less than that of water,
then, we do not get z = 0 at the equilibrium point. Depending on whether the density
is more or less than half of the water’s density, z at equilibrium point will be negative
or positive, respectively to balance the weight. The mass of the cube is m = L', sub-
stituting (6) in (5), we have

2 (O +b IS (1) + (pg (ALY z + (1= p/(25))g =0 )

Equation 9 is a non-homogeneous second linear equation. It can be easily trans-
formed into a homogeneous equation in y. Let z = ¢ be the equilibrium point, we
have pg /(6L)c +(1— p/(20))g =0, Solving for ¢, we getc = L(p —25) /(2p) , Substi-
tuting y = z - ¢, we get y=0as the equilibrium point. Equation (9) now becomes

y'@)+b/I(SL)y' (1) + pg I(AL)y =0 (10)

If the initial conditions are applied and if the water friction is small enough, the so-
lution is almost the same as that of (8), except the attenuating oscillation is around the
new equilibrium point z = L(p—268)/(2p), instead of z = 0. The Simulation is illus-

trated in Fig. 7 when § = 20.8 = 1/3p and friction coefficient b=115.

AN fﬁ\\ AVAVLY VN V.

,,,,,, . T A

Fig. 7. The Stalla Model and Simulation of the Velocity and Displacement

Our next example in this section will discuss the oscillation of floating sphere. Our
focus is to find how to calculate the V(z) in (5). We would like to develop a general
model for a solid sphere of radius r and density O that is less than the water’s
densityp. The volume V(h) of the submerged spherical cap illustrated in Fig. 5.2,
where £ is the height of the sphere submerged in water. Let the distance from the cen-
ter of the sphere to water level be x. Consider the right triangle OAB, by Pythagoras
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Theorem AB=vr’—x* . The section area of part of the sphere
. - r 2 —
ISA(x)=7(AB)> = 2(r> = x*) sV (h) = J‘.,, A(xydx = Lm0 = x)dx =W-

As shown in Fig. 6, let z = 0 be the water surface level, and z = x = r - h be the dis-
placement of the center of the sphere from the surface of the water, we have
h=r—zand V (z) = w(r — 2)>(2r + z)/3 . By (5), we have the differential
equation for the motion of the floating sphere as follows

Z'(t)—pig(z3—3r2z)+(l—%)g:0 (11)

3b
() + ———=
2" 4 4r3s

xr’s

Example 5.2. Change the solid cube in example 5.1 to a solid sphere of 1 foot radius,
build the mathematical models and solve them by using Stella for all three cases.

Solution. By assumptions, substitute the parameters in (11) with the constants from
the problem description, we have (12) for case (a) and (13) for case (b)

Z2"(1)+48z(t)-162°() =0 (12)
{z(0)=1;z'(0)= 0
{z”(t)+3.82z'(t)+48z(t)—16z3(t)=0 (13)
z(0)=1,2'(0)=0

The Stella model of case (c) is similar to case (b) except for the parameters in (11).
The solutions for case (a) and (b) are illustrated in Fig. 8 and Fig. 9. respectively.

NoALA A AL T
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Fig. 8. Fig. 9.

Validation. A critical assumption is that the motion of the object is constrained to a
half of the side length or the radius so that neither does the object jump out of the wa-
ter nor is the whole body of the object submerged below water surface. A question to
help students understand the assumption is: If we change our initial conditions, such
as adding an initial downward velocity besides the given initial displacement, are our
models in this section still valid? If not, why?

6 Conclusion

This paper presents an abbreviated version of a mathematical modeling module, which
is selected and evolved from the course material that the authors have been delivering in
their ODE courses and the seminars of SIAM student chapter [8]. Section 1 presents the
motivation of the module. Section 2 lists the objectives of the module and assessment
plan. Section 3 describes an iterative modeling process. Section 4 illustrates the
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compartmental analysis methodology. The examples in section 4 and 5 cover a series of
models in orders of incremental complexity spanning from first order linear equation to
second order nonlinear system of equations. The examples are connected as they gradu-
ally increase in difficulty and complexity. This connection of the examples allows the
students to comprehend the material in small doses and minimizes the intimidation to
the students by the complexity of the problems and motivates them to confidently work
on team projects with similar level of complexity.

Acknowledgment. The authors would like to give thanks to the Summer Workshops
by Shodor for introducing us to computational science education research.
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Abstract. We present the results from the first two years of the Under-
graduate Research for Computational Mathematics (URCM) program at
George Mason University (Mason). In this program, students work on a
year-long research project in Computational Science while being super-
vised by a mentor. We describe the structure and goals of this program
along with some observations about the elements that we have found that
have been challenging in its implementation. Finally, we will provide a
summary of the outcomes of the first two years of this project

1 Introduction

In the Spring of 2007, the Department of Mathematical Sciences and the Depart-
ment of Computational and Data Sciences (CDS) at George Mason University
received funding from the National Science Foundation to create an undergradu-
ate mentorship program in computational mathematics. This project was funded
through the Computational Science for Undergraduates in the Mathematical Sci-
ences (CSUMS) program for a five one-year cohorts. In the spring of 2007, the
project selected the first ten students in this year-long program. A second cohort
was selected in the spring of 2008.

NSF originated the CSUMS program for students in the mathematical sci-
ences “to better prepare these students to pursue careers and graduate study
in fields that require integrated strengths in computation and the mathematical
sciences.” [I] Unlike the NSF funded Research Experiences for Undergraduates
(REU) program where students work on a project over the summer, the CSUMS
program is allows students to work on their own independent research projects
over a full year under the direction of a faculty mentor. For the students in our

! The development of the GMU Computational and Data Sciences undergraduate
program is sponsored by the NSF CSUMS (Computational Science Training for
Undergraduates in the Mathematical Sciences) program, through award # DMS-
0639300.
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program, this was their first exposure to working on a long term research project.
As summarized by the National Academy of Sciences, “. . . the one-on-one men-
toring that takes place in supervised undergraduate research is one of the best
predictors of students’ professional success.” [2]

The goal of the George Mason University URCM program is to create a one-
on-one mentoring program in the computational sciences for undergraduate stu-
dents in the mathematical sciences. In this program, we hope to enhance the
professional success of our students by placing them in supervised, independent
research projects. This is being done by

— exposing undergraduate students to the applied mathematics, science, and
computer science used in cutting-edge computational science projects through
mentorship, classes, and seminars,

— developing the formal and informal learning environments that allow students
to be successful at developing, completing, and presenting their projects,

— developing a peer learning community by encouraging structured student
interaction through classes, seminars, labs, as well as formal and informal
meetings in their research group,

— creating close ties between student and mentor, where the student can receive
ongoing feedback on the project’s progress as well as constructive feedback on
personal strengths and weaknesses in becoming a professional mathematician
and scientist,

— extending this program beyond the five-year period that is funded by NSF
by matching undergraduate students to scientists who have existing grants
both on the Mason campus and in the larger community.

The students in the program work in a year-long funded research project under
the direction of a faculty mentor. Because of NSF guidelines, all the students in
the program are required to be mathematics majors. In our program, these stu-
dents are generally in their junior or senior year. Students apply in March, and a
selection of the students for the yearly cohort is made by the beginning of April.

The students who have participated in this program have worked on a wide
variety of computational science research. Although individual research projects
ranged from chemical phase transitions and material structure to computational
hemodynamics, they all had the common theme of numerical and mathematical
modeling of physical systems. Unlike with individual student research programs,
this common theme provides a unifying element of the program that is used to
create support structures that benefit all the students.

Student participation in the project begins at the beginning of the first summer
session in late May. During this summer semester, all the students are required
to take a course in Numerical Partial Differential Equations (PDE). This class is
designed to fill in the background the students need for their research projects as
well as help build the peer relationships and support structure they will need as
they transition to research. As a prerequisite, we ask the our student complete a
one-semester course in basic numerical methods. In parallel with the numerical
PDE course, the students also participate in a daily lab session where they learn
how to use basic computational tools and programming languages. After the PDE
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class ends in early July, the students continue to attend the lab session twice a
week and start working with their advisors on research projects. Throughout the
summer, these lab sessions are kept very informal and are designed to help fill in
the computational background they need for their research projects.

In both the Fall and Spring semester, students are required to attend a one-
credit seminar that meets once a week. In this seminar, students are given in-
formation on careers, publications, graduate school, and also required to present
frequent updates on their research. A major focus of the seminar is to let stu-
dents polish their public speaking and writing skills as they prepare to go to
conferences, create their posters about their work, and write papers. The semi-
nar also provides a regular venue for students to discuss the problems they are
having in their research projects.

In the URCM program at Mason, two students are paired together with one or
more faculty mentors. The students work on different aspects of the same project,
so they can have a peer support network outside the classroom. The students
may sign up up to six credits for undergraduate directed reading and research
over their research project so they may receive academic credit for their work.
The students are also given a $10,000 stipend over the year long project, and
loaned a laptop computer so they have a portable platform for their computing
and presentations. Travel to conferences, software costs, and publication charges
are also covered in the grant.

2 Observations

As the Director of the mentorship program, Dr. Wallin worked with all the
students in the summer laboratory and then interacted with them the weekly
seminar that he directed. He also interacted with all the mentors on a weekly
basis. Dr. Sauer was the PI for the grant, and also worked closely with both the
fauclty and the students. In these capacities, we have compiled feedback from
both the students and the mentors. Because only thirteen students have been
in this program so far, the results are anecdotal. We will be using the pronoun
“we” to describe these findings, since they reflect the informal consensus of the
groups involved. We believe that these observations reflect some of the underlying
issues that others might encounter in similar undergraduate research programs
in computational science.

First, the success of students seemed to be somewhat correlated on the com-
plexity of the software that they used in their projects. If students developed their
own simple codes, it seemed they remained more engaged and motivated in the
research work. This finding may be more directly related to the students being
mathematics majors, not computer science or computational science majors.

Before starting work on their projects, our students had not been exposed
to the challenges of working with “black box” programs. We define the term
“black box” in this context to mean programs too complicated for any one person
(particularly an undergraduate mathematics student) to completely understand.
These types of programs are commonly used in complex calculations across the
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computational sciences to simulate diverse problems such as fluid flow or material
science. Most of the students in our program were interested in approaching
the higher level more theoretical questions rather than doing these production
calculations, even if those calculations were tied to very engaging projects.

One issue with using “black box” in undergraduate research projects might be
the learning curve associated with these complex systems. However, it seemed
like most of the frustration that these students felt was the lack of connection
between their classroom studies and their research work. While computational
science projects tend to focus on projects of very high complexity with difficult
interconnections, this paradigm does not seem to map as well to the typical back-
ground of undergraduate mathematics majors we found in our programs. In gen-
eral, it seemed difficult to move our students beyond the simpler Matlab/Octave
tools toward complex programs and compiled programming languages.

Second, the students in the program often did not engage fully in the research
work until they were forced to present their work in our weekly seminar. At the
beginning of the fall semester, about half of the students had not made significant
progress on their research projects during the first year of the program. When
they were required to make class presentations and given deadlines in their
schedule, the students systematically started making good progress. The quality
of the presentations, their understanding of the problem’s context, and their
research results all came into focus during the fall semester.

Some of the delay in progress might have been from not understanding the
expectations being set by their advisors. We believe that part of the problem can
be attributed to the difficulties in the transition between classroom learning and
research, as well as to procrastination that all of us feel until a deadline is upon
us. Even so, setting and enforcing milestones with definable metrics in these
research projects seems to be very important in promoting student learning,
particularly in the first months of a long-term project. Even though the students
were working on independent projects, they needed regular direction from their
mentors to continue making progress. As students became more vested in the
research work, most began to develop their own project schedules and started
integrating research more into their weekly schedule.

Third, we found that the peer support planned in this project was only par-
tially successful at helping students overcome difficulties they encountered in
their research. Often a student would turn to his research partner for help, but
busy schedules and geographic considerations made it difficult to get and give
help. Most of the students in our program and across Mason in general lived off
campus. The commute times and lack of face to face contact outside the normal
university hours probably worked against this collaboration. The students would
often turn to their research advisor instead of their research peer for help.

In contrast, we did find that the students immediately started using text
messaging, Facebook, and video conferencing through their laptops during their
class to talk about homework assignments during the summer PDE class. This
transition took place in days, perhaps even hours, after we gave them all laptops.
When the students were working as a class on the same problems, they tended to
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function together extremely well. This collaboration did not translate as well as
we hoped when they started working on independent projects. Even though two
or three students were assigned to very similar projects with the same advisor,
the differences between the projects and lack of common focus seemed to be a
barrier for effective peer support. In the second cohort, we worked to instill the
expectations that the students in peer groups should meet on a weekly basis.
This seems to have created a better system of peer support during the second
year of the project.

Fourth, students who signed up for academic credit for their research work
were generally more productive than those who did not sign up for these re-
search credits. Some students who tried to balance a full class load with no time
explicitly budgeted for their research activities. In the most extreme case, some
students tried to sign up for a full course load during summer. When they did
this, their research often was viewed as secondary activity that was pushed aside
when there were no nearby deadlines. When students explicitly budgeted their
time through credit hours, this problem was significantly reduced.

Fifth, peer support of mentors is just as important as peer support of students.
Even experienced faculty who had supervised graduate students had some trou-
ble effectively mentoring undergraduate students. Regular, informal meetings
between the mentors seemed to help them see how other students and mentors
were working together. Eventually, this helped make the mentorship experience
more consistent between the students.

In our first year, the faculty mentors were split in two different buildings. This
inadvertently led to less frequent contact between the faculty, despite efforts to
encourage communications. During the second cohort, all the faculty mentors
had offices close together leading to more regular discussions about their students
and the program. It seems this extra support seemed to help the students in the
program become more successful in their research projects earlier in their year-
long projects.

Finally, we have found that recruiting students into this project was more
difficult than expected. Even with the generous stipend, the laptop, and the
experience that students would gain through the project, many students in the
mathematical sciences were reticent to even apply to the program. When we
asked students who were in the program why other students were not applying,
we found several surprising answers. Some students in our program reported
that their friends did not want to get involved in research, since they had no
plans to go to graduate school. Others students reported that their friends were
not interested in either doing research in or getting a job in applied mathematics
and computing.

It seems that many undergraduate students in the mathematical sciences (and
probably beyond) don’t have a good understanding of the jobs they are likely
to do after they graduate since most studies indicate that the vast majority of
jobs for majors across the sciences and mathematics are IT related. [3].
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3 Program Outcomes

Beyond our observations of the elements that seem to help and hinder our men-
torship program, it is important to consider the tangible outcomes of this project.
All but one of the thirteen students have presented both oral and poster papers
for external conferences. Most of the students presented papers at both regional
and national conferences, and one was given an award for his poster at the
San Diego meeting of the American Mathematical Society in 2007. The confi-
dence that the students had in creating and giving presentations along with the
quality of these presentations was dramatically enhanced by the practice in the
seminar class.

The skills that students exhibited with software tools also increased dramat-
ically through the project. Most of our students had no familiarity with Unix
at the start of the project, and were experts by the end of the year. The stu-
dents’skills at using high level tools like Matlab/Octave also greatly increased
during the program. By the end of the year, all of the students felt comfortable
putting complex PDE system into Matlab or Octave. Many of these students
had done very little programming at the beginning of their research project, but
were very comfortable writing these types of codes by the end of their year.

The quality of the final research projects we saw in the program was very
high. Most of the mentors felt that the work being done by their undergraduate
students was at the level of first and second year graduate students. The stu-
dents also noted this when they compared their work to other peer groups at
conferences. In particular, one student reported that he felt his work was “just
average” when he looked at the other posters at a conference. He didn’t realize at
the time that there were only two undergraduate students at this poster session
of about forty graduate students.

One of the least quantifiable elements of these projects was the excitement
that our students felt about being able to participate and carry out significant,
independent research projects under the direction of a real scientist mentor.
Having the students participate in regional and national conferences also opened
up the world of mathematical and computational research to them, and let them
understand the research process from conception to presentation. Overall, our
students reported very positive feelings about the program, despite some of the
difficulties they encountered in their projects.

Of the nine students in the first year cohort, all but one have gone on to
take graduate courses after graduation. Six are pursing doctoral degrees, and
two others are working masters degrees. Four of the six students pursuing the
Ph.D. are studying either Computational Science or Applied Mathematics. The
remaining doctoral students are working in operations research or medicine. The
only student not currently enrolled in graduate studies is taking a year off before
starting medical school. It is important to note that less than half of students
had seriously considered graduate school before they started the project. Based
on the status of the first cohort, we strongly feel that this program helped change
the attitudes our students had toward research in Computational Science and
Mathematics.
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4 Summary and Conclusions

We have found a great deal of unexpected challenges in this project, and are
still learning how to improve the experience for our mentors and our students.
Based on our experiences, we make the following recommendations for other
similar programs:

— Pick projects that help the students apply their classroom work directly
to their research projects. Having students switch too quickly into complex
software systems can make it difficult for them to make this connections,
and make it seem like their studies are unrelated to their research work.

— Make sure to create and enforce milestones through out the program. Al-
though this is an independent research project, students learning how to do
research need structure particularly in the first few months of the project.

— Set expectations for peer meetings and peer support during the project.
Make sure the students understand that they are expected to work together,
and keep the projects in peer groups similar enough so that they can benefit
from each other’s experience.

— Strongly encourage students sign up for directed reading and research credits
when they are in a mentorship or research program. Students tend to over
schedule themselves if time isn’t put into their academic schedules.

— Build informal activities to provide peer support of the mentors. This type of
support is very useful in normalizing expectations and keeping the mentors
engaged in the student projects.

— Try to minimize geographic barriers to collaboration both between student
and between mentors. Make sure regular meetings occur within and between
the different groups.

Despite some of the initial problems, we are very happy with the outcomes of
our students both in terms of their research work and their careers. We feel that
our program contributed to their professional development, and has provided
them with a strong basis for further academic work and for their future jobs.

Now that the new major and minor in the Computational and Data Science
is in place at Mason, we hope to see future double majors in this program
and minors from the department of Mathematics in these programs. We feel
that the minor will be particularly attractive to these students since many of
the requirements are already met by their participation in this program via
the numerical methods and research courses they are already taking in their
mentorship. With these programs in place, we feel our students will students
develop the computational skills they need in their careers or for future graduate
work.

Creating projects that for the students that were independent, exciting, and
cutting-edge yet suited to the technical backgrounds of our undergraduates took
a high level of commitment from our mentors. Despite the challenges, we have all
seen a great return on the time we invested in this project as we as we watched
the first cohort progress though the program, present papers, and graduate. As
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the second cohort progresses through their program, it is gratifying to see them
transitioning to research faster and broadening their knowledge of how to solve
cutting edge problems using computational science.
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Abstract. The anti- and syn-conformers of thiophene-2-carbonyl fluoride (A)
and selenophene-2-carbonyl fluoride (B) have been studied in the gas phase.
The transition states have also been obtained for the interconversion of the anti-
and syn-conformers. The methods used are MP2 and DFT/B3LYP and the basis
sets used for all atoms are 6-311++G(d,p). The optimized geometries, dipole
moments, moment of inertia, energies, energy differences and rotational barri-
ers are reported. This study has been extended to include solvent effect. Some
of the vibrational frequencies of the conformers are reported with appropriate
assignments. The results indicate that in the gas phase the syn conformer is
more stable and the CCSD(T)//MP2 energy differences are 2.97 kJ/mol (A) and
3.02 kJ/mol (B) and barriers of rotation are 38.50 kJ/mol (A) and 36.89 kJ/mol
(B). The structures and vibrational frequencies of (A) and (B) are not much af-
fected by the solvents but the more polar conformer gets more stabilized. The
major effect of the solvents is that energy difference decreases but rotational
barrier increases. The peculiar characteristic of fluorine affecting conforma-
tional preference is not observed.

Keywords: Thiophene-2-carbonyl fluoride, Selenophene-2-carbonyl fluoride,
MP2, DFT/B3LYP, energy difference, rotational barrier, solvent effect.

1 Introduction

2-Substituted carbonyl compounds and their analogues are known to show conforma-
tion isomerism [1] and thus exist as syn- and anti-conformers. In general, the anti
conformer is more stable but the nature of substituents, in particular fluorine [2], and
polarity of the medium [3], can affect the preference for a given conformer. In a previ-
ous communication [4], we reported a conformational study of the furfural, thiofurfural
and selenofurfural in the gaseous and solution phases in order to understand the effect of
substituting the oxygen of the carbonyl group with sulfur and selenium leaving the aro-
matic ring unchanged. In literature, there have been some attempts to look into the effect
of changing the oxygen of the ring with sulfur and selenium. A brief survey of literature
has been helpful to set the objectives of this work.

G. Allen et al. (Eds.): ICCS 2009, Part II, LNCS 5545, pp. 1141121}, 2009.
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Braathen et al. [5] investigated the thiophene-2-aldehyde by microwave, infrared
and Raman spectroscopy and by electron diffraction in the gaseous phase. They found
that the syn-conformer is more stable than the anti-conformer. Han et al. [1] studied
the rotational equilibria of 2-substituted furan and thiophene carbonyl derivatives
using theoretical methods both in the gaseous and solution phases. They also found
that the syn-conformer is always more stable and in the gaseous phase, MP2/6-
31+G(d,p) level predicts that the syn form is more stable by 1.44 kcal/mol for thio-
phene-2-aldehyde and 0.14 kcal/mol for thiophene-2-carbonyl fluoride. Concistre et
al. [6] studied the structure and conformations of 2-thiophenecarboaldehyde from
partially average dipolar couplings derived from proton NMR spectra. They found
that the syn form of thiophene-2-aldehyde is more stable. Fleming et al. [7] studied
the syn- and anti-conformers of thiophene-2-aldehyde using density functional
method and normal coordinate analysis. They found that the results obtained theoreti-
cally are in agreement with experimental statements of the literature. Apart from
these, there are increasing possibilities for the synthesis of selenophene-2-carbonyl [8]
and derivatives of title compounds have wide applications in the industry [9,10].

Therefore although thiophene-2-carbonyl fluoride (A) has received attention, to the
best of our knowledge, in literature, there is no conformational study for selenophene-
2-carbonyl fluoride (B). We hereby report an extensive conformational study of (A)
using higher level methods and extend our study to the selenium analogue. In this
paper, the molecular structures, energy differences (AE) between the syn- and anti-
conformers, rotational barriers, rotational thermodynamics, and vibrational spectra
have been obtained for conformers of the title compounds, Fig 1, using theoretical
methods. The findings of this work are hereby reported.

H10 /H10
Cs/ Cs
H
fc” D, "~ /Ys
C4:C1/ C4:C1
Os / AN Fi1
H7 o H7 o
Fis Os
YO-syn conformer YO-anti conformer

Fig. 1. Structures and atom labels of thiophene-2-carbonyl fluoride (Y=S) and selenophene-2-
carbonyl fluoride (Y=Se) in C; symmetry

2 Methods

All computations have been done using Gaussian 03W program suite [11] and Gauss
View [12] has been used for visualizing the conformers.
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DFT/B3LYP and MP2 methods have been used for molecular geometry optimiza-
tion of the syn- and anti-conformers of (A) and (B). The basis sets used for all atoms
are 6-311++G(d,p). The syn- and anti-conformers have been studied in C symmetry.
The transition state arising from syn and anti isomerization has also been modeled.
The transition state involves the planes containing C,0OsF;; and the ring containing
hetero atom being at right angle and thus has been considered in the C; symmetry.
Frequency computations have been carried out using the optimized structures to con-
firm the nature of the stationary points. Single point computations have also been
carried out at the CCSD(T) level using the MP2/6-311++G(d,p) optimized structures.

Solvent effects have also been investigated by varying the dielectric constant from
1.92 (heptane) to 78.39 (water). All solution phase computations have been carried
out using the integral equation formalism in the Polarizable Continuum model (IEF-
PCM) [13-16] and all conformers have been fully optimized.

3 Results and Discussion

Some of the structural optimised parameters of the syn-, transition state and anti-
conformers of the title compounds in the gas phase are reported in Table 1. Several
conclusions can be drawn from Table 1. Firstly, there is little difference between the
values of the different parameters obtained at B3LYP and MP2 level. Secondly, there is
a good comparison between some of the computed parameters and those reported at
HF/6-31+G(d,p) [1]. However, we believe that our structural parameters are more reli-
able due to the higher level of the methods used. Thirdly, the moment of inertias calcu-
lated for the conformers follow the order I, > Iz = Ic. Fourthly, the syn conformer is
more polar than the anti conformer due to opposing dipoles in the latter. Apart from
these, comparing these conformers with parent molecules [4,17], it is found that hydro-
gen for fluorine substitution does not lead to much changes in the different optimized
structural parameters except those where sulfur and selenium are involved. Further, it is
interesting to note that the C1-C2 bond length is comparable in the syn- and trans-
conformers but the same bond, about which rotation occurs for syn-anti isomerization,
is longer in the transition state. However the other optimized structural parameters are
almost comparable in the conformers for a given carbonyl fluoride.

Table 2 summarizes energies of the anti-, transition state and syn-conformers of the
title compounds in the gas phase. Further, the energy differences between the anti-
and syn-conformers (AE), the barriers of rotation between anti conformer and transi-
tion state (B1) and some thermodynamic functions (AH and AG) are also reported.
The results from Table 2 indicate that (i) the syn conformers are more stable; (ii) the
rotational barriers are larger than the energy differences; (iii) the energy differences
and barriers of rotation are comparable for the three methods used; (iv) the effect of
substituting hydrogen of the -CHO group by fluorine does not affect conformational
preference but the rotational barriers and energy differences decrease; (v) the negative
free energy changes indicates that the equilibrium favors the syn conformer and this is
further reflected by the equilibrium being more populated with the syn conformer. The
stability of the syn conformer of (A) is in agreement with the work of Han ez al. [1] and
they reported the energy difference as —0.59 kJ/mol computed at the MP2/6-
31+G(d,p) level.
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Table 1. Some optimized parameters of the syn-, transition state and anti-conformers of thio-
phene-2-carbonyl fluoride and selenophene-2-carbonyl fluoride computed in the gas phase

OY-syn conformer OY-transition state OY-anti conformer
Y=S | Y=Se Y=S [ Y=Se | Y=S | Y=Se
B3LYP/6-311++G(d,p)
Bond length (A)
r(C-Cy) 1.453 (1.462) 1.451 1.482(1.464) | 1479 | 1454 | 1453
r(Ci-Y3) 1.744 (1.730) 1.886 1.739 (1.731) | 1.886 | 1.744 | 1.887
1(C-Cy) 1.378 (1.356) 1.374 1.368 (1.356) | 1.364 | 1.378 | 1.374
1(C2-05) 1.188 (1.172) 1.190 1.182 (1.171) | 1.183 1.188 | 1.188
r(Cy-Fi1) 1.372 (1.326) 1.373 1.367 (1.327) | 1.368 | 1.374 | 1.377
Angle (°)

Z(C,C1Y3) 119.8 (111.7) 119.9 121.3 (127.3) | 121.7 1234 | 123.7
£ (C,CiCy) 128.7 128.5 127.0 126.7 | 1253 | 1249
Z (Y3C,Cy) 111.5 111.6 111.7 111.6 1114 | 1114
£ (CiC,05) 128.9 (127.6) 128.8 128.7 (127.3) | 128.8 | 1284 | 128.8
Z (CiCoFy) 111.0 (111.7) 111.3 111.3(112.0) | 1114 1114 | 1113
Z (0sCoFyy) 120.2 120.0 120.0 1199 | 1202 | 1199

£ (C1Y5Cy) 90.8 (90.7) 86.4 91.1(90.7) 86.6 90.9 86.5

Rotational constant (GHz)
A 3.664 2.646 3.687 2.595 | 3.688 | 2.627
B 1.394 1.177 1.240 1.086 | 1.412 | 1.225
C 1.010 0.815 1.102 0.880 | 1.021 | 0.836
Dipole moment (Debye)
| 4.594 | 4535 [ 3.600 | 3.648 | 4.487 | 4.491
MP2/6-311++G(d,p)
Bond length (A)
1(C-Cy) 1.456 1.461 1.481 1.480 1462 | 1.463
r(Ci-Y3) 1.722 1.861 1.715 1.862 | 1.718 | 1.862
1r(C,-Cy) 1.385 1.388 1.385 1.382 | 1.391 | 1.388
1(C2-05) 1.204 1.195 1.191 1.191 1.192 | 1.193
r(Cy-Fi1) 1.368 1.363 1.361 1.362 | 1.367 | 1.369
Angle (°)

Z(C,C1Y3) 119.9 119.8 121.7 1222 | 1235 | 123.8
Z (C,CCy) 128.1 128.2 126.3 126.0 | 1247 | 1244
Z (Y3CiCy) 112.1 112.0 112.1 111.8 | 1119 | 111.8
/ (C,C,05) 128.1 128.1 1283 1283 | 1280 | 128.1
Z (CiCoFyy) 110.8 111.1 111.0 111.1 111.2 | 111.2
Z (0sC,F)) 121.1 120.8 120.7 120.6 | 120.9 | 120.7

£ (C1Y5Cs) 91.3 87.1 91.71 87.3 91.6 87.2

Rotational constant (GHz)
A 3.654 2.651 3.686 2.603 | 3.695 | 2.638
B 1.405 1.187 1.248 1.092 | 1418 | 1.230
C 1.015 0.820 1.110 0.886 | 1.025 | 0.839
Dipole moment (Debye)

[ 3.955 [ 3.963 [ 4.052 [ 3353 [3.937 [ 3.939

(Parameters in bracket are those computed at the HF/6-31+G(d,p) level, [1])

Some of the calculated infrared raw vibrational frequencies, their intensities,
Raman activities and assignments of the syn- and anti-conformers of the title com-
pounds are reported in Table 3. The 27 modes of vibrations account for the irreducible
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Table 2. Energies of the anti-, transition state and syn-conformers and thermodynamic
parameters of thiophene-2-carbonyl fluoride and selenophene-2-carbonyl fluoride

Y | Anti/ Syn/ Transition B1/ AE/ AH/ AG/
Hartrees Hartrees state/ kJ/mol kJ/mol kJ/mol kJ/mol
Hartrees
DFT/6-311++G(d,p)
S -765.725585 -765.725920 -765.710483 39.65 -0.88 -0.54 -0.40
(0.068659) (0.068724) (0.068117) (54.1)*
Se | -2769.053128 | -2769.053365 | -2769.038421 | 38.61 -0.62 -0.54 -0.45
(0.067411) (0.067453) (0.066897) (54.6)
MP2/6-311++G(d,p)
S -763.010428 -764.233464 -762.995765 38.50 -0.77 -3.30 2.04
(0.068082) (0.067901) (0.068138) (21.5)
Se | -2766.477456 | -2766.477869 | -2766.465136 | 32.34 -1.08 -1.04 -1.29
(0.066993) (0.066985) (0.066863) (72.7)
CCSD(T) /6-311++G(d,p)// MP2/6-311++G(d,p)
S -763.010428 -763.011126 -762.995765 38.50 -1.83
Se | -2765.263723 | -2765.264482 | -2765.249672 | 36.89 -1.99

* Percentage of the syn conformer at 298.15 K

representations /= 8A" + 19A of the C, point group of the conformers. The infrared
vibrational frequency and Raman activity are dominated by the high intensity of the
carbonyl stretching frequency. The transition states have been confirmed by the one
and only one negative frequency. The imaginary frequencies (cm™) for (A) and (B)
computed at MP2 level are -88.83 and -81.02 and at B3LYP level are -90.49 and -84.58.

Table 3. Some infrared frequencies, their intensities, Raman activities and assignments for the
syn and anti conformers of the title compounds computed at B3LYP/6-311++G(d,p) [*Values
in bracket are those from MP2 computations]

Frequencies/ cm™' IR Intensity/ Raman Activity/ | Symmetry | Assignment
km mol A* amu’!
Syn thiophene-2-carbonyl fluoride
84.5 (80.6)* 0.1 (0.1) 0.3 A" Twisting OsC,F 1,
1860.1 (1883.2) 526.3 (293.2) 155.0 A Stretching C,0s
755.8 (784.0) 4.1(1.5) 49 A Scissoring C;C4Cs
725.1 (742.2) 2.5(64) 24.5 A Scissoring F;C20s
645.1 (653.4) 9.5 (104 3.9 A Scissoring C;S3Cs
463.5 (468.6) 0.1 (0.3) 33 A Scissoring C,C,Cy4
365.1(374.2) 2.9 (2.6) 3.7 A Bending OsCoF 1,
178.0 (181.0) 1.6 (1.4) 0.2 A Bending C,C,
Syn selenophene-2-carbonyl fluoride
405.2 (371.9) 1.8 (2.6) 0.6 A" Wagging C,SesCq
78.4 (59.0) 0.1 (0.1) 0.1 A" Twisting OsC,F 1,
1852.3 (1853.8) 508.5 (353.2) 152.7 A Stretching C,0s

942.5 (967.4) 210.5 (201.5) 4.0 A' Stretching C,F,
699.9 (710.4) 8.3 (15.3) 20.5 A Scissoring OsC,F|;
565.2 (568.6) 3724 12.2 A Bending C,C,0s
389.7 (391.8) 0.2 (0.2) 34 A Bending C,Se;Cs
327.6 (334.0) 1.9 (1.8) 3.8 A Bending C,C,Cy4
152.4 (156.1) 221.7) 0.3 A Bending C,C,
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Trans thiophene-2-carbonyl fluoride

454.5 (403.2) 0.8 (0.3) 0.5 A" Wagging C;S;Cs
80.3 (58.2) 0.5 (0.2) 0.8 A" Twisting OsC,Fy;
1862.5 (1869.4) 533.0 (400.0) 165.7 A’ Stretching C,0s
991.4 (1014.0) 170.7 (165.3) 1.7 A’ Stretching C,F
708.0 (724.0) 21.3 (20.8) 19.4 A’ Scissoring OsC,F);
448.7 (458.1) 0.2 (0.1) 3.1 A’ Bending C,C,S;
383.8 (385.9) 4.2 (3.7) 45 A’ Bending OsC,F;;
171.5 (175.8) 0.9 (0.8) 0.2 A’ Bending C,C,

Trans selenophene-2-carbonyl fluoride

734.7 (713.4) 55.3 (92.6) 0.1 A" Bending C,C,
407.4 (379.8) 2.1 (3.0 1.0 A" Wagging C;S;Cs
73.9 (60.2) 0.5 (0.3) 0.7 A" Twisting OsC,Fy;
1858.4 (1864.3) 538.1 (403.5) 175.9 A Stretching C,0s
971.4 (991.2) 161.5 (146.1) 2.6 A Stretching CoF);
691.2 (702.4) 30.8 (34.5) 15.5 A Scissoring OsC,F;
380.9 (389.2) 1.0 (0.8) 4.7 A Bending C,C,F;
352.8 (352.9) 3.1(2.8) 4.0 A Bending C,0s
148.5 (151.4) 0.9 (0.7) 0.3 A Bending C,C,

Table 4. Solvent effect on rotational barriers, energy differences

and thermodynamic

parameters
Solvent Dielectric B1/ AE/ AH/ AG/ | % of trans
constant kJ/mol kJ/mol kJ/mol kJ/mol | conformer
at
298.15 K
Sulfur analogue
Heptane 1.92 40.38 -0.68 -0.56 -0.83 58.31
Chloroform 4.90 41.00 -0.77 -0.54 -0.34 53.46
Tetrahydofuran 7.58 41.18 -0.80 -0.55 0.10 48.97
Dichloroethane 10.36 41.26 -0.82 -0.58 -0.31 53.17
Acetone 20.70 41.33 -0.87 -0.71 -0.49 54.88
Ethanol 24.55 41.30 -0.88 -0.63 -0.12 51.16
Methanol 32.63 41.21 -0.91 -0.66 0.52 44.78
Dimethylsulfoxide 46.70 41.42 -0.89 -0.64 -0.09 50.95
Water 78.39 41.24 -0.90 -0.80 0.29 47.10
Selenium analogu

Heptane 1.92 38.91 -0.59 -0.51 -0.45 54.52
Chloroform 4.90 39.11 -0.59 -0.51 -2.19 70.77
Tetrahydofuran 7.58 39.17 -0.60 -0.43 -2.01 69.26
Dichloroethane 10.36 39.13 -0.60 -0.56 -2.64 74.33
Acetone 20.70 39.13 -0.62 -0.16 0.10 48.97
Ethanol 24.55 39.09 -0.62 -0.36 0.005 49.95
Methanol 32.63 39.13 -0.62 -0.42 -1.00 59.97
Dimethylsulfoxide 46.70 39.14 -0.63 -0.54 -1.99 69.06
Water 78.39 38.79 -0.62 -0.45 0.75 42.48
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It is found that there are systematic changes in the structures of the conformers of
the (A) and (B) when they are studied in different solvents but these are not signifi-
cant. To be more precise, the largest change in bond length is 0.012 A and the largest
change in bond angle is 1.0°. Similarly there are only small changes in the infrared
vibrational frequencies. The most apparent effect of the solvents is that due to solute-
solvent interaction, stabilization of the conformers depends on the dipole moments.
The net effect of the solvent is that energy difference between the conformers de-
creases but rotational barrier increases. However an increase in the polarity of the
solvent leads to a leveling effect of the different parameters. The solvent effect on
rotational barriers, energy differences, enthalpies and free energy changes are summa-
rized in Table 4.

4 Conclusion

This work reports a systematic investigation of the syn-, transition state and anti-
conformers of thiophene-2-carbonyl fluoride (A) and selenophene-2-carbonyl fluoride
(B) in the gas and solution phases. Some of the results for (A) compare satisfactorily
with literature and the results for (B) should be helpful for reference, as it has not
been studied previously. An interesting outcome of this work is that fluorine is
strongly electronegative and thus can affect conformational equilibrium [18]. How-
ever in this case, replacing hydrogen of the carbonyl group by fluorine does result in a
change in conformational preference relative to the parent compounds and this can be
explained on the basis of the opposite charges on sulfur or selenium and oxygen in
(A) and (B). Hence the syn conformer to be more preferred for both (A) and (B).
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Density Functional Calculation of the Structure
and Electronic Properties of Cu,,0,, (n=1-4)
Clusters

Gyun-Tack Bae and Randall W. Hall

Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 70808

Abstract. We have performed ab initio Monte Carlo simulated anneal-
ing simulations and density functional theory calculations to study the
structures and stabilities of copper oxide clusters, Cu,O, (n=1-4). We
determined the lowest energy structures of neutral, positive and nega-
tively charged copper oxide clusters using the BSLYP/LANL2DZ model
chemistry. The geometries are found to undergo a structural change from
two- to three-dimensions when n = 4 in the neutral clusters. We have
investigated the size dependence of selected electronic properties of the
binding energies, second differences of the energy, ionization potentials,
electron affinities, and HOMO-LUMO gaps. We also have investigated
fragmentation channels and charge distributions.

Keywords: Densitiy functional theory, copper oxide clusters.

1 Introduction

Studies of clusters help understand the evolution of properties from isolated
atoms to bulk matter as well as to probe the details of solvation. Recently, it has
been found that metal oxide clusters contribute to health hazards [I[2,34]. The
high speed collision of clusters with solid surfaces can give rise to short-lived
species at extreme temperature and pressures. It has been shown that these
impact-heated clusters provide an environment in which chemical reactions can
be induced. Energetic cluster impact also has the potential for technological
application in the formation of particularly dense and coherent metal and semi-
conductor thin films. Metal oxide clusters formed during combustion react with
many organic compounds. [5,[6] The practical uses of metal clusters are well
known and include catalysis, nanomaterials, and composite materials.
Experimental [7/8/910] and computational [ITJT2|T3I[T4] studies exist for some
small copper oxide clusters (1-2 copper atoms.) Three isomers have been sug-
gested as possible structures for CuOg [I5]: bent CuOO (bent, Cy), linear OCuO,
and Cg, OCuO. Evidence has been found both the bent CuOO [L6/I7I8[I9] and
the linear OCuO [I5,20121]. Vibrational frequencies have been calculated [20]
for CuO3, OCuO5, and Cu(O3)~. Recently, the structures of CuOy4, CuOs [22]
and neutral and negatively charged CuOg [23] were determined using plane-wave
density functional theory. In addition, CuzO,, (x=1-4) have been studied using

G. Allen et al. (Eds.): ICCS 2009, Part II, LNCS 5545, pp. 1224130,(2009.
© Springer-Verlag Berlin Heidelberg 2009
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anion photoelectron spectroscopy and density functional calculations [241[25]. In
this paper, we investigate the electronic and geometric structures of neutral and
charged copper oxide clusters ((CuO),, n=1-4).

2 Method of Calculation

2.1 Ab Initio Monte Carlo Simulation

The study of atomic and molecular clusters is hindered by the existence of multi-
ple isomers for a given size cluster. Without an a priori knowledge of the global
energy minima, the use of computer simulation methods, such as simulated an-
nealing, often allow the location of global minima. For this reason, we performed
ab initio simulated annealing Monte Carlo (MC) simulations (using Gaussian 03
and homegrown scripts) [26] to locate stable geometric structures for these clus-
ters. The simulations used multiple starting geometries for each cluster size. The
temperature was decreased from 2000 K to 300 K over a period of up to 500 MC
steps. We used the B3LYP (Becke’s 3-parameter exchange functional with Lee-
Yang-Parr correlation energy functional) [271[28,[29] version of DFT to calculate
the energy.

2.2 Basis Sets

We evaluated several basis sets as candidates for our studies. These were
6-31G** [30,B1L32], 6-31++G** [33130,134,135,136,37], 6-311G** [36,38,[39,40],
6-311+4+G** [35,[41], LANL2DZ [42,[43,[44], and DGDZVP [45,46]. MC sim-
ulations were followed by standard geometry optimization using [47]. Calcula-
tions found the lowest energy clusters for CuzO,, (n = 1 — 4) shown in Fig. [
For Cuy03 and CuyQy, different isomers were found depending on basis set
(CuyOs-a: 6-31G**; CuyOs-b: 6-314++G**, 6-311G**, 6-311++G**, LANL2DZ
and DGDZVP; Cuy0y-a: 6-31++G**, 6-311++G**, LANL2DZ and DGDZVP;
Cup0y4-b: 6-31G** and 6-311G** .) Experimental data of electron affinities of
Cuz0 to Cuz0y4 clusters is available [48]. A comparison of calculated and mea-
sured electron affinities are shown in Table[Il The best agreement with exper-
imental data is found with the LANL2DZ basis set, which is therefore used in
the remainder of this work.

Table 1. Electron affinity comparing basis sets with experimental data

Electron Affinities (eV)
6-31G** 6-31++G** 6-311G** 6-311++G** LANL2DZ DGDZVP EXP [48]

Cu20  0.94 1.27 0.14 1.24 1.15 1.15 1.10
Cu202 141 2.33 0.89 1.76 2.41 2.24 2.46
Cu203 2.35 2.65 1.67 3.09 3.25 3.08 3.54

Cu204 3.26 3.34 2.75 3.35 3.54 3.31 3.50
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Cu.0: Cu0s-a
Cu0s-a
3 4:/4
Cu0s-b
Cuw:04-b

Fig. 1. Lowest energy clusters for Cu20,, n = 1 — 4. Different basis sets give different
lowest energy isomers for n = 3 and 4 (CuzOs-a: 6-31G**; Cuz03-b: 6-31++G**, 6-
311G**, 6-311++G**, LANL2DZ and DGDZVP; Cuz04-a: 6-31++G**, 6-311++G**,
LANL2DZ and DGDZVP; Cuz204-b: 6-31G** and 6-311G** )(see Table[I] for details.)
White atoms are coppers and black atoms are oxygens.

3 Results and Discussion

3.1 Geometric Structure

The optimized structures of neutral, positive and negatively charged (CuO),
clusters with n=1-4 are shown in Fig. 2. The low-lying spin states (i.e., singlet,
doublet, triplet, and quartet) of a given cluster were considered in the calcula-
tions. Every neutral copper oxide cluster, (CuO),,, can be made from Cu,,—10,,_1
cluster by attaching a Cu-O molecule to the side of Cu,_10,_1 cluster.

In CuO, the Cu-O distances are 1.76A(cation), 1.76A(neutral) and
1.74A (anion). Our calculated value of neutral Cu-O distance is in good agree-
ment experimental value of 1.73 A. [49] The spin states of optimized structures

| Y
R R

CuO
Cu202 Cu,0, Cu404
Al
- L/A 2 -
CuO" g 1 :
(Cu0),* (CuO),”

| s
CuOr 4 Vf LJ

(Cu0), (Cu0); (Cu0),

Fig. 2. Optimized structures of neutral, positively, and negatively charged (CuO),
clusters with n=1-4. White atoms are coppers and black atoms are oxygens.
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are doublet, singlet and singlet for the neutral, cation and anion clusters, re-
spectively. The structure of the lowest energy CusO4 cluster is rhombus in our
simulations and calculations. The spin states of optimized structures are singlet,
doublet, and doublet for the neutral, cation and anion clusters, respectively.
Wang et al. [24] and Dai et al. [25] have suggested minimum energy structures
for CupsO2. Wang, et. al., suggest the structure is a rhombus while Dai, et. al,
suggest the structure is linear or near linear. The Cu-O bond length of Cus0,
structure found by Wang et al. is 1.78A and the angle of Cu-O-Cu of CuzO,
structure is 80°. Our Cu-O bond lengths are 2.01A (cation), 1.86A (neutral) and
1.92A (anion) and average angle Cu-O-Cu of CupO; structure is 81.2°. The Cu-
O-Cu bond angles are 135°(cation), 82°(neutral), and 75°(anion). CuszOs clus-
ters have nearly planar structures. The neutral cluster is a quartet while the
charged clusters have triplet ground states. The average Cu-O-Cu bond angles
are 121.8°(cation), 98.1°(neutral), and 94.2°(anion). The Cu-O-Cu bond angles
are smaller than the O-Cu-O bond angles while the CuO are shorter than found
in the CupO4 clusters. Our Cu-O bond lengths are 1.89A (cation), 1.90A (neutral)
and 1.85A (anion). The CuyOy cluster is the first nonplanar structure found for
Cu,,O,, and consists of 2 copper atoms above and below the plane of a CusOy
unit. A similar structure is found for the cation cluster, while the anion cluster is
planar. The spin states of optimized structures are triplet (neutral) and doublet
(cation and anion.) Our Cu-O bond lengths are 1.92A(cation), 1.94A (neutral)
and 1.81A (anion).

3.2 Binding Energies, Ionization Potential, Electron Affinities

The binding energies per atom have been calculated from
Ey = [n E(Cu) +n E(O) — E(Cu,0,,)] /2n (1)

Table 2. Bond lengths (A) of Cu-O in (CuO),, (n=1-4) clusters

Clusters di—2
CuO d1_2:1.81
CuO CuO+ d1_2:1.76
CuO~ di_o=1.74
CUQOQ d1_3:1.86 d1_4:1.86 d2_3:1.86 d2_4:1.86
Cuz02 Cus0F di-3=2.01 d1-4=2.01 do_3=2.01 d2—_4=2.01
CUQO; d1_3:1.92 d1_4:1.92 d2_3:1.92 d2_4:1.92
Cu3zOs di1-4=1.83 d1_6=2.06 d2_4=1.81 do_5=1.83 d3_5=1.83 d3_=2.03
Cu303 CusOF di—a=1.75 d1_6=1.77 d2—4=1.78 da_5=2.13 d3_5=2.12 d3_6=1.79
CusOF di1-2=1.84 d1_6=1.85 d2_4=1.85 do_5=1.85 d3_5=1.85 d3_¢=1.85
CusOn di—5=1.96 d1_6=1.97 d2_6=1.88 d2_7=1.93
d3—5=1.88 d3_3=1.93 da—5=1.97 ds_s=1.96
di—5=1.94 d1_6=1.93 d2_6=1.88 do_7=1.94
d3—5=1.87 d3_3=1.93 d4—_5=1.92 ds1_=1.95
d1—5=1.81 d1_3=1.81 d2—_5=1.80 d2_s=1.79
d3_6=1.81 d3_7=1.83 d4—_7=1.80 ds_3=1.80

CU404 Cu4 OI

CusOy
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Table 3. Spin states, ionization energies (IE), electron affinities (EA), and binding
energies (Ep) for Cup,Opn, n = 1 — 4. Energies are in electron volts and are calculated
using the BSLYP/LANL2DZ model chemistry.

Spin State IE EA E,
CuO doublet
CuO™  singlet 12.25 1.35 1.22
CuO~  singlet
Cuz02  singlet
CupOF doublet 8.24 2.35 1.85
Cu20; doublet
CusO3 quartet
CuzOf  triplet  9.36 3.65 2.19
CuzO5  triplet
CusO4  triplet
CusOf doublet 8.37 3.40 2.35
CusO, doublet

Figure 3 shows the binding energy per atom, E;, as a function of number of
copper atoms in the cluster. There is a rapid increase from a binding energy of
1.24 eV (n = 1) to 2.22 eV (n = 3.) The n = 4 cluster has a similar binding
energy to the n = 3 cluster, though not close to the bulk work function of >5
eV. Thus studies of larger clusters are necessary to more closely examine the
size evolution of the properties of these clusters.
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Fig. 3. Binding energies of neutral (CuO),, clusters with n=1-4
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Fig. 4. Calculated adiabatic ionization potential and electron affinities of (CuO),, clus-
ters with n=1-4
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Fig. 5. Calculated HOMO-LUMO gap of (CuO),, clusters with n=1-4
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Table 4. Fragmentation channels of (CuO), clusters with n=1-4. Energies are in
kecal/mol.

AE
(CuO)2 — CuO + CuO 57.91
(Cu0)3 — Cuz02 + CuO 75.90
(CuO)4 — Cu303 4+ CuO 75.56
— Cus02 4+ Cuz032 93.55

Fig. 4 shows the adiabatic ionization potentials (IP(X,,)=E(X;)-E(X,)) and
electron affinities (EA(X,,)=E(X,,)-E(X; ). These properties display the even-
odd oscillation often seen in clusters. The HOMO-LUMO gaps in these clusters
are shown in Fig. 5.

3.3 Fragmentation Channels

We have also calculated the fragmentation energies of (CuO),, (n=1-4) clusters
for various dissociation pathways. The fragmentation channels of (CuO),, clus-
ters are shown in Table 4. The fragmentation energy of CusO; cluster requires
the least amount of energy to fragment and the lowest energy pathway for all
clusters is to lose a single CuO group.

4 Conclusions

The electronic and structural properties of small copper oxide clusters have been
studied using density functional theory and several basis sets. Comparison with
existing experimental work demonstrated that the LANL2DZ basis set is in best
agreement and therefore was used study study Cu,,O,, clusters. It was found that
the clusters are planar for up to n = 3 and then become nonplanar. Ionization
energies, electron affinities, and binding energies demonstrate some oscillations
with cluster size, as is typical for clusters. Larger clusters must be studied in
order to explore the approach to bulk properties.
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Abstract. Atomistic molecular dynamics simulation was carried out to study in-
terface interactions between a crystal structure and a plastic bonded explosive
(PBX) system. In this work, the polymer is hydroxyl-terminated polybutadiene
(HTPB), the plasticizer is dioctyl adipate (DOA) and the crystal phase is hexa-
hydro-1,3,5-trinitro-1,3,5-triazine (RDX). Experimental RDX crystallo-graphic
data show that (020), (200) and (210) crystal faces usually dominate, and these
were therefore only these were studied. Interface models were built and interfa-
cial bonding energies calculated to investigate HTPB/RDX adhesion properties
in the (DOA+HTPB)/RDX system. Mechanical properties such as Poisson’s
ratio, Young, bulk and shear moduli were also predicted. The most favourable
interactions occur between HTPB-DOA and the RDX (020) crystal face: ob-
taining crystals with prominent (020) faces may provide a more flexible mix-
ture, with a lower Young's modulus and an increased ductility.

Keywords: Polymer-bonded explosives, molecular dynamics simulation, bind-
ing energy, mechanical properties.

1 Introduction

Plastic-bonded explosives (PBXs) are widely used in many defence and economic
application because of their good safety, processing ease and high strength. The next
generations of PBXs materials will possess improved insensitivity and energetic den-
sity while maintaining a good mechanical integrity. Atomistic molecular modeling
may become a helpful tool in formulation conception, providing predictions on vari-
ous properties of these systems. The use of modelling techniques can decrease haz-
ards and accidents during formulation development, and contribute to minimizing the
time-frame in which they can be screened and tested, eliminating poor formulations
before even having to synthesize the compounds. Solid propellants and plastic bonded
explosives incorporate various components, each having a specific function. First and
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foremost, a high density crystalline energetic material must be chosen, such as 1,3,5-
triaza-1,3,5-trinitrocyclohexane (RDX), shown in Fig. 1, which has a high storage
stability and is considered as the most powerful high explosive. The energetic mate-
rial is incorporated in a polymeric binder, which provides acceptable mechanical
properties and therefore greatly decreases the risk of accidental ignition during trans-
portation, handling, and storage. The ability of a solid propellant to perform as an
insensitive energetic material depends heavily on both the binder-plasticizer compati-
bility and explosives compatibility to binder and plasticizer. A binder such as hy-
droxyterminated polybutadiene (HTPB) requires a plasticizer with a similar chemical
structure. A low weight aliphatic ester like dioctyladipate (DOA) is often used. With
RDX as the main body (= 90% and above), PBXs contain a small amount of poly-
mer/plasticizer (= 10%). Much attention has been paid to the explosives and poly-
mers/plasticizer with respect to experimental measurement methods [1-6], as well as
molecular dynamics (MD) simulation [7, 8]. However, few mechanical property
simulations have been reported.

The HTPB-DOA system shown in Fig. 1 is a good model to test the use of model-
ling techniques for explosives, and has been the object of previous work in our
group [9]. Crystalline surface morphology and crystal structure main planes existing
at the crystal surface of RDX are known, and consist mainly in (020), (200) and (210)
faces [10], depending on solvent. The present work will therefore focus on simulating
the HTPB-DOA/RDX interface at these crystal faces. Simulations of crystal-
amorphous phase have already been reported [7, 11, 12]. No investigation has how-
ever been performed in the presence of plasticizer, which is one of the key factors in
PBXs stability and formulation.

o, 0
N H CHy
P 2 H -~
H,C CH, C /C OH [+] H,yC
o rl N o HO* 7 \& n & & & vls‘ & & o l»« & CH
My N SN 2 e N \CH/ o N N N N N N N
I H I Hy [ Hy H, I H Hg Hy
) o HeC o
CHy
RDX HTPB DOA

Fig. 1. Chemical structure of molecules in the studied system

Our main interest in the present work will therefore be to test the ability of atom-
istic methods to predict interactions between RDX and HTPB-DOA polymer-
plasticizer system. Mechanical properties, interface between RDX crystal surface and
the HTPB-DOA blend and interfacial bonding energy will also be investigated.

The final objective is to understand fundamental properties of RDX-based PBXs,
which is of utmost importance in design and development of novel energetic materi-
als. The present work will also allow investigation of the most interesting crystal
morphology for RDX, interaction wise, and may allow for a better selection of ex-
perimental conditions (solvent, temperature, etc) in its processing prior to incorpora-
tion in PBXs. This work is part of a larger effort to evaluate composite systems prior
to experimentally investigation, in search for new, more optimized explosives.
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2 Computational Details

Molecular simulations were performed using the Materials Studio (MS) version 4.3
software commercialized by Accelrys. Molecular mechanics (MM) and molecular
dynamics (MD) calculations were performed using the Discover module and the
COMPASS (condensed-phase optimized molecular potentials for atomistic simulation
studies) force field [13] under periodic boundary conditions. Coulombic interactions
were described with the Ewald summation approach with an accuracy of
0.01 kcal/mol and an update width parameter of 1.0 A. Crystal structure prediction
was conducted with the MS Polymorph Predictor module. Crystal packings were
generated randomly, energy minimized and subsequently ranked according to poten-
tial energy. For more details on Polymorph Predictor, the reader is referred to Gdanitz
et al. [14] and Karfunkel et al. [15]. Amorphous polymer plasticizer and polymer-
plasticizer phases consisting of hydroxyl-terminated polybutadiene and dioctyl adi-
pate were created using a combination of the algorithm developed by Theodorou and
Suter [16] and the scanning method of Meirovitch [17] implemented in the MS
Amorphous Phase module. A single bond was added per step, under the single sub-
state per state rule, while using a substate width of 20. A random number seed was
used to insure a properly randomized distribution in the cell. Model systems thus built
were submitted to a preliminary equilibration treatment consisting of 1000 steps using
the canonical ensemble NVT (constant number of atoms, constant volume and con-
stant temperature) dynamics simulation with a velocity rescaling method to maintain a
constant temperature, followed by 100000 steps of minimization. Energy was mini-
mized using three methods. The first used was steepest descent up to a maximum
derivative of 100 kcal mol”, followed by the conjugate gradient method (using the
Polak-Ribiere algorithm) down to maximum derivative of 10 kcal mol™". The Newton
method using Broyden-Fletcher-Goldfarb-Shanno (bfgs) approach (the maximum
derivative is 0.001 kcal mol™") was used last. Model building was followed by NVT
dynamics simulation for 1.0 ns. Temperature in all simulations was equilibrated with
the Andersen algorithm, using a collision rate of 1.0. The velocity Verlet algorithm
was used to integrate equations of motion with a 1.0 fs time step. Only one blend
composition was investigated, HTPB-DOA, containing one molecule of DOA and
one 6-repeat unit HTPB chain, blend composition being of 49 w% HTPB and 51 w%
DOA. Initial densities used for model building were experimental values 0.900 g cm™
for HTPB and 0.927 g cm™ for DOA. The density of amorphous blend system
HTPB-DOA was calculated as the weight average of pure substance densities: initial
HTPB-DOA density was estimated as 0.929 g cm™. The RDX-based PBX HTPB-
DOA composition was based on 83 w% RDX crystal phase (16 RDX molecules) and
17 w% HTPB-DOA amorphous phase (6-repeat unit HTPB chains and one DOA
molecule). Using the MS surface builder module, RDX surfaces were first prepared
by cleaving the crystal phase at the desired surface plane (hk/), while insuring that the
width and depth of the surface are larger than the non-bonded cut-off distance of
10.8A. The cleaved surface was minimized as described above and was then placed in
a supercell (2x2x1), over which the HTPB-DOA amorphous phase was inserted. The
c-axis of the supercell was extended to 30& so that HTPB-DOA can 'see' only one
side of the surface even under periodic boundary conditions. NVT molecular
dynamics simulation was then performed for 200 ps with a 1.0 fs time step at 298 K,
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followed by 50 ps production runs, during which data were collected for subsequent
analysis.

3 Results and Discussion

In this work, the aim is to use modelling techniques for RDX-based PBXs HTPB-
DOA and investigate the effect of interface interactions on mechanical properties. To
evaluate the usefulness of the approach for real systems, for which crystal structure
data are often unavailable, the RDX crystal structure was also predicted.

3.1 Crystal Structure Prediction

The optimized crystal parameters are reported in Table 1. A large number of struc-
tures are generated and ranked from the lowest total potential energy E, to the highest.
The lowest-energy corresponds to an orthorhombic Pbca space group, whereas the
second lowest energy is monoclinic C2/c. In the seven lowest energy structures gen-
erated, density fluctuates from 1.75 to 1.99 g cm™. Large energy differences are ob-
served, only the lowest being stable. Experimental data for the RDX crystal structure
[18] is compared to the lowest-energy result in Table 2. RDX crystallizes in the ortho-
rhombic space group, as found using Polymorph Predictor. Unit cell dimensions are
in good agreement with experiment, a, b and ¢ vector units showing discrepancies of
1.9%, -2.7% and -4.7%, respectively.

Table 1. Lowest-energy crystal structure models for RDX showing space group, density p
(g/cm®), potential energy E, (kcal/mol), cell vectors a, b and ¢ (A) and angles o, B and y (°)

Space

aroup P E, a b c o B Y

Pbca 1.91 -1611 1343 1126 10.21  90.00  90.00  90.00
C2/c 1.86 -1602 24773 593 27.30  90.00 156.58 90.00
Pnma 175 -1592  10.66 2605  6.07  90.00 90.00  90.00
P2,2,2, 1.90 -806 587 1538 859  90.00 90.00  90.00
P2,/c 1.89 -806  6.62 11.20 10.63  90.00 83.33  90.00
Pna2, 1.99 <798 721 10.85  9.46  90.00 90.00  90.00
P2, 1.99 -399 651 9.46 6.51  90.00 67.24  90.00

The predicted density is 5.7% higher, which is reasonable considering the ap-
proximations made when using a force field. This excellent match clearly indicates
that Polymorph Predictor, coupled to the COMPASS force field, is adequate to pre-
dict crystal structures of molecules representing similar chemical and conformational
properties. The force field used should however always be evaluated for the chemical
class under investigation. Crystal structures of molecules of higher flexibility will be
increasingly difficult to predict, and therefore this approach can only be used, at the
present time, for rigid molecules. For more flexible molecules, determining the ex-
perimental crystal structure is still essential.
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Table 2. Properties of the RDX crystal: density (g/cm®) and cell vectors (A) (ot = p = 7= 90°)

RDX (Pbca) p a b c
Experimental 182 13.18 1157 10.71
Predicted 191 1343 1126 1021

3.2 Simulation of the Crystalline RDX-Amorphous HTPB-DOA Supersystem

In the following simulation step, HTPB, DOA and HTPB-DOA amorphous phase
models were built and optimized. HTPB-DOA models were selected using a criteria
of low energy. This step was followed by construction of the crystalline RDX-
amorphous HTPB-DOA supersystem, which is the most crucial step of this study, as
it will allow interfacial interactions to be investigated. Further, mechanical properties
will be estimated for an ideal 50:50 HTPB-DOA blend, for which no experimental
mechanical properties have been reported in the literature. Similar modelling tech-
niques have been used previously by various groups to simulate interactions in vari-
ous PBXs systems [11]. It has been shown [8, 9] that DOA acts as a plasticizer in
PBX formulations.

In the present work, an amorphous phase containing the polymer and the plasticiser
was built using a concentration used in experimental formulations. It was however not
possible to maintain a reasonable system size while strictly respecting the relative
concentrations of amorphous and crystalline material. Instead, focus was put, when
selecting the crystal-amorphous phase composition, on choosing a size which allowed
reproduction of surface interactions with the plasticizer. Actual formulations are
slightly richer in crystal phase than in plasticizer-polymer binding amorphous phase
(90% crystal phase versus the modelled 83%). The simulated HTPB-DOA-RDX sys-
tem is depicted in Fig. 2 for the three crystal surface planes considered. In the initial
amorphous phase, HTPB and DOA were in a random coil-like conformation. This is
clearly not the case after energy minimisation in presence of RDX: for all crystal cell
orientations, HTPB and DOA molecules are now relatively extended, DOA is at the
left in all three packing arrangements, and HTPB at the right side in the cell. Both are
lying almost flat on top of the crystal structure, although some kinks are observable in
both molecules above the (210) crystal cell. These chain arrangements are believed to
allow a minimum in energy through intermolecular interactions. However, the occur-
rence of kinks in the (210) case qualitatively indicates that RDX/DOA and
RDX/HTPB interactions are weaker in this case. Although DOA mainly acts as a
HTPB plasticizer, due to the small concentration of the HTPB-DOA mixture both in
the modelled systems (17 w%) and in typical experimental formulations (around
10%), DOA inevitably comes in close contact with the RDX crystalline phase and
also forms strong van der Waals and electrostatic interactions.
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Fig. 2. Typical simulated HTPB-DOA/RDX supercells with (210) (left), (200) (center) and
(020) (right) crystal surface, respectively, and zoom of the HTPB-DOA/RDX supercells with
(020) crystal surface, (HTPB in gray, DOA in light gray and RDX in black)

Stability was checked by following potential and nonbond energy fluctuations.
Systems were taken as stable and used for further calculations when these did not
reach 10%. The interaction energy was calculated by using the following equation.

E =E10m1_(E (1)

surface

+FE

Interaction polymer )

E, is the energy of the surface and the polymer, Eg,yz.. is the energy of the
surface without the polymer and E,y,., is the energy of the polymer without the
surface. The binding energy Ejingine Teflects the intermolecular interactions between
polymers and crystal, which is defined as the negative value of the interaction energy,
which can be written as Ejuging = -Eineraciion- Results, reported in Table 3, vary with
the crystallographic surface that is in contact with the polymer-plasticizer mixture.
The (020) surface of RDX has the largest binding energies and therefore strongest
ability to interact with the polymer, and the (2/0) surface has the smallest.

Table 3. Average binding energy (in kcal/mol) for different crystalline planes

(hkl) plane  Epinging (kcal/mol)

(020) 64
(200) 53
(210) 41

Pair correlation function g(r) was used to verify more objectively the degree of or-
ganization in these models [19]. Figure 3 shows g(r) values obtained after 250 ps
NVT simulation of the three models. The three surfaces have comparable g(r) values
at first glance, although maximum g(r) values are obtained for (020) and (200) sur-
faces, confirming the conclusion obtained from binding energies. In all cases, the
largest peaks appear at r distances below 3.5 A. For interatomic r distances higher
than 3.5 A, very few peaks are observed, and those which are have very small intensi-
ties, indicating that long-range order due to atom interactions is weak. These observa-
tions confirm that interactions at short distance play a role in system stability.
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Fig. 3. Pair correlations functions total g(r) calculated for all atoms in HTPB-DOA/RDX mod-
els for different (kkl) planes, after 250 ps NVT dynamics simulation

Figure 4 shows the pair correlation function g(r) between H atoms of terminal
HTPB hydroxyls and nitro oxygen atoms of RDX. The smallest distance d between H
and O is observed for the HTPB-DOA/RDX (020) surface (d = 1.75 A), which also
exhibits the most intense g(r) peak, indicative of stronger and more numerous van der
Waals and electrostatic interactions. This is in good correlation with the highest
binding energy value observed for this model. In the case of the (200) and (210) crys-
tallographic planes, peak distances vary between 2.05 A and 2.15 A respectively.
Therefore, when HTPB comes in contact with a RDX crystal, the strongest interac-
tions are observed with the (020) plane, and maximising the surface of this plane
should improve adhesion between the crystalline phase and the polymer binder.

25

—(020)
(200)

20 (210

g(r)

r(A)

Fig. 4. Pair correlation function g(r) for H atom pairs of terminal HTPB hydroxyls and O atoms
in RDX nitro groups for different (hkl) planes

3.3 Mechanical Properties

NPT (constant number of atoms, constant pressure and constant temperature) dynam-
ics simulations were finally applied to these simulated systems to investigate me-
chanical properties of RDX-based PBXs. In this case the c-axis of the supercell is not
extended. Calculations are based on a formalism due to Parrinello and Rahman [20] in
which the elastic stiffness tensor C;; is expressed in terms of fluctuations in the elastic
strain tensor (€;€;) for the material. The NPT dynamics simulation was then performed
for 200 ps with a time step of 1.0 fs at 298 K and a cell mass of 20.00 atomic mass
units, followed by production runs of 100 ps, during which data were collected for
subsequent analysis. In the theory of linear elasticity, the stress and strain tensors G
and € are related to the elastic stiffness tensor C;; by 6, = C;xg; (i, j = 1,2,...,6) [21].
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For an isotropic material, the stiffness matrix may be described by specifying only
Lamé coefficients A and p.Poisson’s ratio v and various moduli (Young's E, bulk K,
shear G) can be calculated assuming the material to be isotropic. Elastic moduli may
then be written in terms of the Lamé coefficients as follows [22]:

oA E:'u[3/1+2ﬂ} K=A+2u, G=u )
A+u 3

Poisson's ratio v is the ratio of transverse contraction strain to longitudinal exten-
sion strain in the direction of the stretching force. Tensile modulus E is also known as
the Young modulus, and is the tangent or secant modulus of elasticity of a material in
tension. The bulk modulus (K) of a substance measures the resistance of the substance
to uniform compression. It is defined as the pressure increase needed to cause a given
relative decrease in volume. The shear modulus (G) is defined as the ratio of shear
stress to the shear strain. The K/G indicates the extent of the plastic range, this ratio is
associated with ductility in cases where K/G is high, and with brittleness when it is
low. Mechanical properties thus estimated should be taken as approximations, due to
the small system size and anisotropy as well as force field approximations, and should
be used for comparison purposes only. Values are summarized in Table 4.

Table 4. Mechanical properties of RDX-Based PBXs (in GPa) for the various (hkl) surfaces

(200) (210) (020) RDX Ref
Tensile modulus (E) 23 68 11 18 (23]
Poisson ratio (v) 0.33 0.32 0.36 0.22 [23]
Bulk Modulus (K) 23 65 14 13 [24]
Shear modulus (G) 8.5 26 4 -
K/G 2.7 2.6 3.5 -

In Table 4, Poisson ratios are similar for all three models, but a 22% difference in
modulus is noted compared to the experimental value reported for the RDX crystal,
which confirms the semi-quantitative nature of properties estimated using this ap-
proach. All other calculated mechanical properties vary with (hkl) directions: tensile,
bulk and shear moduli are lowest for (020) and highest for (2/0). Resistance to elastic
deformation, expressed by the tensile modulus (E), has decreased for the (020) plane,
indicating less rigidity in contrast to (200) and (270) planes. In other words, the
HTPB-DOA/RDX (020) blend behaves more like a rubber and is more flexible. Fi-
nally, one of the most important parameters for explosive formulation is the K/G
quotient, which is a measure of brittleness. It is highest for (020) and lower for (210)
and (200), showing that ductility is better in the latter two cases. Interactions are less
important, which explains the increased ductility.
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4 Conclusions

The HTPB-DOA/RDX energetic blend system has been used to investigate the use-
fulness of atomistic modelling in the study and design of novel energetic materials.
With the rigid RDX molecule, it was possible to predict, using the Polymorph Predic-
tor module, the correct crystal space group, while unit cell dimensions and density
showed a good match. This prediction approach may therefore be used for new ener-
getic molecules for which no experimental data are available. Interactions between a
crystalline, energetic molecule (RDX), a polymer binder (HTPB) and a plasticizer
(DOA) were modelled under periodic boundary conditions following an approach
previously proposed in the literature for crystalline-polymer interfaces [11]. The most
favourable interactions occur between HTPB-DOA and the RDX (020) crystal face,
and g(r) calculations showed that the main interaction at play was hydrogen bonding
between the terminal hydroxyl group of HTPB and RDX oxygen atoms of nitro
groups. It can be concluded that crystal morphology will have an effect on mechanical
properties of the final blend systems, and that improvement in mechanical properties
could be obtained by adjusting crystal growth conditions to favor large (020) crystal
surfaces. Finally, Parrinello-Rahman calculations of isotropic moduli (Young's E,
bulk K, shear G) for crystalline RDX-based PBXs show that the resistance to elastic
deformation is decreased in the case of (020) as compared to (2/0) and (200). Hy-
drogen bonds and other interactions that occur most dominantly for the RDX (020)
crystal face with HTPB-DOA therefore provide a more flexible mixture, lowering the
modulus and increasing ductility. This result suggests that choosing appropriate con-
ditions (solvent, temperature) to favor the growth of (020) crystal faces may improve
mechanical properties of resulting PBX formulations. These properties will be ex-
plored in the future using experimental methods in our lab.
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Abstract. A clear advantage of broken symmetry (BS) unrestricted density
functional theory DFT is qualitatively correct description of bond dissociation
process, but its disadvantage is that spin-polarized Slater determinant is no
longer a pure spin state (a.k.a. spin contamination). We propose a new approach
to eliminate the spin-contamination, based on canonical Natural Orbitals (NO).
We derive an expression to extract the energy of the pure singlet state given in
terms of energy of BS DFT solution, the occupation number of the bonding NO,
and the energy of the higher state built on these bonding and antibonding NOs
(as opposed to self-consistent Kohn-Sham orbitals). Thus, unlike spin-
contamination correction schemes by Noodleman and Yamaguchi, spin-
correction is introduced for each correlated electron pair individually and thus
expected to give more accurate results. We validate this approach on two exam-
ples, a simple diatomic H, and transition metal hydride MnH.

1 Introduction

Difficulties in DFT description of the bond dissociation are routed in the fact that
DFT was derived based on assumption of non-degenerate system [1, 2]. A clear ad-
vantage of unrestricted (also known as spin-polarized or broken spin-symmetry) solu-
tion is qualitatively correct description of bond dissociation process [3, 4]. Since exact
exchange-correlation functional is not known, unrestricted Kohn-Sham (UKS) treat-
ment improves approximate functionals by taking part of the static electron correla-
tion into account. The situation can be seen as localization of a and f electrons on the
left and right atoms of the dissociating bonds, respectively (left-right electron correla-
tion). Broken symmetry (BS) UKS thus describes the transition from closed shell
system to biradical smoothly, which is not possible with restricted open shell KS
(ROKS) approach.

A disadvantage of UKS approach is that spin-polarized Slater determinant is no
longer an eigenfunction of the spin operator. Hence, the average value of <S> is not,
generally equal to the correct value of S,(S,+1) [5]. Here S, is ¥2 of the difference in
total numbers of a and S electrons. This situation is known as spin contamination and
<8%> is often used as its measure. The common rule [6] is to neglect spin contamina-
tion if <$°> differs from S.(S.+1) by less than 10%. As a result of spin contamination,
molecular geometry may be distorted toward the high-spin state one, spin density
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often becomes incorrect, and electron energy differs from the pure spin state ones.
While some researchers argue that this spin contamination in DFT should be ignored
[3] others recognize it as a problem affecting the energy. Possible solutions to spin
contamination problem include constrained DFT [7, 8] and spin contamination correc-
tion schemes [9, 10], discussed below.

Heisenberg exchange coupling parameter J is often used to describe the difference
in energy between the low and the high spin state. Positive value of J corresponds to
ferromagnetic, and negative value corresponds to anti-ferromagnetic coupling. Since
BS-DFT does not produce the energies of the pure spin states, the expression for J
must account for spin contamination. The following expressions had been suggested
for this purpose [11-14]:

S (DFTEBS_DFTET) o (DFTEBS_DFTET) ;o (DFTEBS _DFTET) y
s T s (), (s,
T BS

Of these three, J; suggested by Yamaguchi can be reduced to J; and J, in the weak and
strong limits, respectively.

A more complicated expressions for variable spin-correction, including depend-
ence of J on overlap between corresponding spin polarized orbitals p and g were also
derived recently [15, 16]. This approach was shown to result in more accurate J val-
ues for Cu®* binuclear complexes [16, 17]. However, this variable spin-correction
approach had not been applied to systems with two or more correlated electron pairs.
In this contribution we apply spin correction approach to study two diatomics, a sim-
ple dihydride H, and transition metal hydride MnH.

2 Theory

Here we propose an alternative approach to variable spin-correction, based on canoni-
cal Natural Orbitals (NO) [18]. First, let us consider a diatomic system AB with one
correlated electron pair, such as stretched H, molecule. We assume that restricted
Kohn-Sham formalism yields higher energy for this system than unrestricted one, as
the case of H, molecule far from equilibrium. Unrestricted KS description produces
the natural orbitals a, b as eigenvectors of the total density matrix with the orbital
occupation numbers n, n, as corresponding eigenvalues. We further assume that
n,<n, which means that orbital a is antibonding, and orbital & is bonding NO. They
are symmetry-adapted (a is 2, and b is %, in case of H, molecule). Corresponding
spin-polarized broken symmetry orbitals p, g can be expressed [19] as a linear combi-
nation of a and b using polarization parameter A:

1 1

p:
VI+ A VI+ A

This parameter is determined by the occupation numbers n, and n, as shown be-
low. If alpha and beta electrons are localized on different parts of the molecule and do
not overlap, the polarization parameter become unity and we arrive to Noodleman’s
weak interaction limit. In the general case of many-electron system the orbitals of the
alpha set, besides being orthogonal to each other, are also orthogonal to the orbitals of

(b+/1a);q =

(b—Aa) )
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the beta set for a single exception of the corresponding beta orbital. The spin polar-
ized orbitals obtained with the most standard quantum chemistry codes do not possess
this property, which is why one has to produce the corresponding spin-polarized orbi-
tals from NOs. BS solution can still be written as the Slater determinant in the basis of
these corresponding orbitals as:

e, p,Q,
9,595,

Substitution of the corresponding orbitals from (2) into (3) separates the pure singlet
and triplet components:

3)

5= 2p.al =5

1

V2

o A
TeE) ea) @

P p,a,

9,5,9,5,

BS = ﬁ)(ble _ﬂ’zalaz)alﬂi/%ﬂlaz + (1 j}z)(albz _l7|az)0€lﬂ2\/-’;2ﬂ1052 S

where indexes / and 2 mark coordinates of the electrons. The first term in this expres-
sion contains the linear combination of the two closed-shell singlets, the lower closed
shell singlet S:

[24 - D,
S1=b1b2 1ﬂ2 ﬂl 2 (6)

V2
and the higher closed shell singlet S;:

alﬂz _ ﬁlaZ
— (7

while the second term is proportional to one of the possible triplet states: T = TO\/E ,

(a,b, —ba,) o, + B, (8)
2 V2

This triplet contribution is the reason why UKS solution is spin contaminated.
Therefore, we are looking to extract the energy of the singlet term from BS energy
Egs using the energy of the triplet. The expectation value of Kohn-Sham operator A
then becomes,

S, =aa,

T, =

Ey = <BS‘I§‘BS> = m<S‘H‘S> + (lj/;)z<T

The last two terms in (9) vanish out due to orthogonality of S and T states, intro-
duced in (4).

H

r>+(1+12)2(<sm>+<ms>) ©)

(S18)=(bb, - Xaja, 1b,p, - Faya,) =1+ 1’ (10)

Using normalization condition and Substituting (10) into (4) one can obtain:
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N1+ A S N2

BS = -S, + T, (11)
1+2 % 1+
Where,
S 1
S, = = (s, + 228 ) 12
TS TN T TR (12

Hence the BS UKS energy can be written in terms of renormalized singlet and trip-
let Sy, Ty as:

SO>+(:/};)2<TOFITO> (13)

In non-relativistic case, the energy of the triplet T is the same as the energy Er for
the single determinant triplet T=a;0;\b,as;

) =(nfiln) (14
Then the energy Eg of the pure singlet Sy can be found from (14) as
(1+2) 20
E, = 2 Ey - 7 Er
C 1+ A 1+ 2

This energy includes the non-dynamic electron correlation effects arising from the
mixing of S; and S states. In order to relate the polarization parameter A to the occu-
pation numbers n,, n,, we can expand the electron density matrix in the basis of a and
b orbitals.

pww=ﬁ;;j¢mu=ﬁ ﬂw@ﬁ=ﬁ ﬂ¢@¢{é?} (16)

From (11-12)

1+
E =7Z<So

(l+/12) g

ET:<T1H

15)

ww——if<SH~4i——w>+;%if<r> 17
PR T ey T ey i
then
. 2 2k 2% as)
‘ (1+/12)2 (l+ﬂf)2 1+ 2
. 2+2/12:2 19
' (1+/12)2 (1+/12)2 1+ 2
And finally

A=2/n, -1 (20)
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4 4n, —2n;

—  E,-—t 20 F 21
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So

Thus, for a system with one correlated electron pair one can obtain the pure singlet
energy expressed in terms of energy of BS UKS solution, the occupation number of
the bonding NO, and the energy of the triplet built on these bonding and antibonding
NOs (as opposed to self-consistent KS orbitals). This expression is applicable to two
—electron systems as well as to the systems which have in addition the unpolarized
electron core or ferromagnetically coupled unpaired electrons. Extension to this tech-
nique to the case of several correlated electron pairs will be presented elsewhere. All
systems, considered in this study were found to have only pair of fractionally occu-
pied NOs, in addition to singly occupied and unpolarized MOs.

Most importantly our approach does not use spin operator for the correction; it
considers natural occupancies. At present our approach is good to study spin contami-
nated systems with one correlated pair.

Thus, for a system with one correlated electron pair one can obtain the pure singlet
energy expressed in terms of energy of BS UKS solution, the occupation number of
the bonding NO, and the energy of the triplet built on these bonding and antibonding
NOs (as opposed to self-consistent KS orbitals). This expression is applicable to two-
electron systems as well as to the systems which have in addition the unpolarized
electron core or ferromagnetically coupled unpaired electrons.

We will turn next to the systems with two correlated electron pairs, In that case (9)
can be written as:

E, = <le -BS,|A|Bs, -BSZ> (22)
Using (4),
3 JI+ A \/Eﬂl \jl"'/ﬁ \/Eﬂz
BS, - BS, _[ TR Ay R e 23)

1 I+ AL+ 228,80, + 24,41+ AT, S, + ”
= (
1+ 2N+ )| V22, 1+ AT, S0 + 24 AT, T,

Simplifying above eq. by replacing Sy; and Sg,:
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We have
5s BS 1 JI+ A1+ 228,80, + 324, (1+ 2, BS, + o)
1 2 =
(+ 2 N1+ 2) V2a, (14 2)5, BS, + 24,4, T,

Hence the BS UKS energy can be written in terms of renormalized singlet, triplet and
mixture of triplet and BS state, So;So, To1Too, TooBS1, T1BS; as:

A+ 2) . 280+ 4) 5
Ey = W<S01802H801802> +(1+/12)2M<T02381 ‘H‘Tozle > +

AL A4
1+ ) (1+2)

Then the energy Eg, of the pure singlet So; Sy, can be found from (28) as

(28)
221+ 2)
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+ 2420+ A2 E, 4 - 42 AE

To1 Top

— 1 ( . 2\ 2V _Hp2 2\
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Here we derive an expression to extract the energy of the pure singlet state from the
energy of the broken symmetry DFT description of the low-spin state and energies of
the high-spin states: pentuplet and two spin-contaminated triplets. Thus, unlike spin-
contamination correction schemes by Noodleman [20] and Yamaguchi [13], spin-
correction is introduced for each correlated electron pair individually and there fore is
expected to give more accurate results.

3 Computational Details

We studied Potential Energy Curves (PEC) for hydrogen dimer H, and transition
metal hydride MnH to validate the spin-contamination correction approach described
above in section 2. MnH calculations were done with Gaussian03 [21] program using
all-electron Wachters+f [22, 23] basis set. For H, we have used aug-cc-pVQZ basis
set with CCSD and spin-polarized (unrestricted) DFT calculations.

Spin-correction described above in theory section is implemented as a combination
of unix shell script and FORTRAN code. It reads Natural Orbitals (NO) printout from
Gaussian03 job (keyword used was Punch=NO) and converts them into spin-
polarized molecular orbitals. Script uses a threshold parameter to identify the corre-
lated pair. The spin polarization of the electron core was neglected by adjusting the
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threshold value to consider natural occupations integer. The provision is made for the
spin-up orbital p to be the one largely localized on metal atom and, so that spin-down
orbital q is predominantly localized on H atom. The new alpha orbital set is made of
doubly occupied NOs, orbital p, singly occupied NOs, and weekly occupied NOs. The
new beta orbital set was identical, except that p was replaced with g. These orbitals
were further used to evaluate the energy with single SCF step and verify that it is
close to BS energy obtained at self-consistence. The energy of the triplet is calculated
with another single SCF step using the original NOs only. It was used by the script to
extract the energy of the pure singlet. The keywords used for single SCF step with the
modified orbital set were SCF (MaxCycle=1) and Guess=Cards.

4 Results and Discussion

Fig. 1 illustrates potential energy curves for H, with CCSD, BMK (uncorrected and
corrected) and conventional Yamaguchi spin contamination correction based on S
value. One can see from the figure the difference appear at the shoulder of the poten-
tial energy surface, where uncorrected BMK curve significantly overestimate the
energies. The corrected curve with our new spin-contamination correction code effi-
ciently finds the point of difference and corrects the energy to give potential energy
curve similar to that of wavefunction method CCSD. We have also plotted the
conventional correction based spin operator by Yamaguchi et. al. for comparison
purpose. Though both the corrections are equally good in predicting energies at the
accuracy of wavefunction theory level CCSD, our approach is based on actual occu-
pation nos., which would perform better when number of electron correlated pair will
increase in the study. The further validation of the system with more than two electron
correlation pairs will be discussed in future.

10 4
10 A
= =30 -
o
E
8 50
x ——CCSD
tu 70 4 *—Eq - Yamaguchi
—— BMK-uncorr
00 —— BMK-corr
-110 T T T T )
0 1 2 3 4 5

Fig. 1. Potential Energy Curves for hydrogen dimer with and without spin-contamination cor-
rection from our new approach, along with CCSD and Yamaguchi correction
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In another attempt to check our new approach we considered more complex sys-
tem MnH. Fig. 2 illustrates potential energy curve of two spin states of transition
metal hydride, MnH with pure and hybrid DFT functionals TPSS and BMK. Our
results are compared with PEC of only available WFT method MCSCF+SOCI in
Fig 2 to equilibrium bond length for M=5. Table 1 shows the correction, introduced in
Section 2, stabilizes this spin state by 3.1 kcal/mol below M=7, in agreement with
experimental value reported in Borane et. al. [24] Thus, spin-corrected BMK predicts
the ground state for MnH to have the multiplicity of 5 and accurately reproduces
experimental D..

20
10

*y" . MCSCF+S0CI
Ty

l' F
\ .p‘— ‘:'ﬂ
/ /7y MCSCE+s0Cl
-1 / *X.BMK: Spin-uncorrected

/. X. BMK: Spin-corrected

E(Kcal/mol)

\
-50 \_ X_ TPSS: Spin-uncorrected

* X. TPSS: Spin-corrected

0 1 2 3 4 5 6
z(A)

Fig. 2. Spin-corrected Potential Energy Curves of MnH with multiplicity 5 and 7, calculated by
TPSS, BMK, and WFT (19) methods

Table 1. Spin corrected and uncorrected dissociation energies of MnH in Kcal/mol calculated
with BMK and compared with ab-initio and experiment

MnH
Multiplicity 5
BMK - Spin Uncorrected 34.1
BMK - Spin Corrected 37.2
MCSCF+SOCI” 21.8
Experiment” 39.0

°[19], "[24]
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5 Conclusion

Here we derive an expression to extract the energy of the pure singlet state expressed
in terms of energy of BS UKS solution, the occupation number of the bonding NO,
and the energy of the triplet built on these bonding and antibonding NOs (as opposed
to self-consistent KS orbitals). Thus, unlike spin-contamination correction schemes by
Noodleman and Yamaguchi, spin-correction is introduced for each correlated electron
pair individually and thus expected to give more accurate results. Diatomics consid-
ered for this study were found to have only pair of fractionally occupied NOs, in addi-
tion to singly occupied and unpolarized MOs. Our approach successfully predicts the
correct spin state as validated by dihydrogen and manganese hydride in this study.
This opens the venue to study more complicated enzymatic systems involving transi-
tion metals, more accurately with the help of DFT.
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Abstract. Single-molecule magnets are perspective materials for molecular
spintronic applications. Predictions of magnetic coupling in these systems have
posed a long standing problem, as calculations of this kind require a balanced
description of static and dynamic electron correlation. The large size of these
systems limits the choice of theoretical methods used. Two methods feasible to
predict the exchange coupling parameters are broken symmetry Density Func-
tional Theory (BSDFT) and DFT with empirical Hubbard U parameter
(DFT+U). In this contribution we apply DFT+U to study Mn-based molecular
magnets using Vanderbilt Ultrasoft Pseudopotential plane wave DFT method,
implemented in Quantum ESPRESSSO code. Unlike most previous studies, we
adjust U parameters for both metal and ligand atoms using two dineuclear mo-
lecular magnets [anoz(phen)4]2+and [Mn,0,(0OAc)(Me,dtne)]** as the bench-
marks. Next, we apply this methodology to Mn;, molecular wheel. Our study
finds antiparallel spin alignment in weakly interacting fragments of Mn;,, in
agreement with experimental observations.

Keywords: DFT+U, Heisenberg exchange constant, Molecular magnet, Mag-
netic Wheel, molecular spintronics, quantum computing.

1 Introduction

Single molecule magnets (SMMs) have been of considerable interest to scientists ever
since their initial discovery in 1993.[1, 2] SMMs are transition metal complexes that
have a large spin ground state and considerable negative anisotropy leading to a bar-
rier for the reversal of magnetization. These molecules show slow magnetization
relaxation and can be magnetized below their blocking temperature.[3] The first
SMM to be discovered was [Mn;,0,,(CH3;COO0),c(H,0)4],CH;COOH, 4H,0, a dode-
canuclear manganese cluster with a S=10 ground state, that is commonly known as
Mn;-acetate.[1, 2] This complex shows magnetization hysteresis and also shows
quantum tunneling of the magnetization as evidenced by steps at regular intervals in
the hysteresis loop.[3]
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Since the discovery of Mnj,-acetate, a large number of new SMMs have been re-
ported with a wide variety of topologies and nuclearities, incorporating a variety of
different metal atoms. A majority of molecules reported to show SMM behavior have
been synthesized using manganese, iron or nickel. Manganese clusters that show
SMM behavior are the most abundant. Many derivatives of Mn;, acetate have been
reported to show SMM behavior. Examples of these include [Mn;,0;,
(0,CCH,Bu")4(H,0), [4] and the mixed-carboxylate complex [Mn;,0,(O,CCHCl,)g
(0,CCH,Bu")s(H,0)5], which were reported [S] to have an S=10 ground state. The
complex [Mn;,0,,(0,CC¢Hy4-2-CH3),6(H,0)4] CH,Cl,-2H,0 reported by Rumberger
et al.,[6] is another SMM with Jahn-Teller isomerism. The complex
[FegO,(OH) x(tacn)g]Brg is one of the most extensively studied iron SMMs; it has a
S=10 ground state and incorporates the ligand triazocylcononane (tacn).

SMMs containing other transition metals such as cobalt or vanadium are relatively
rare. An example of a cobalt SMM is the [Coy(hmp),(MeOH),Cly] complex, which
has four Co (II) ions, was reported by Yang et al. and shows magnetization hysteresis
at low temperatures.[7] The 2-hydroxymethylpyridine (hmp) ligand is a chelating
ligand in this complex. Some of the different topologies seen in SMMs include Mny
dicubane [8] complexes and the S=9/2 Mn, cubane [9] complexes. Other interesting
topologies include molecular wheels and rod-shaped SMMs such as the Mng clusters.
One-dimensional chains of weakly interacting SMMs are also known, such as the
complex [Mny(hmp)sCl,],(C10,),,, reported by Yoo et al.[10] Perhaps the most inter-
esting of these topologies is that of the wheel-shaped SMMs. Scientists have been
fascinated with molecular wheels for a number of reasons. Odd-numbered molecular
wheels, such as [(CgH;;),NH,]-[CrgNiFo(O,CC(CHs);),3] are of interest to scientists
studying spin frustration.'"* One of the smallest of these molecular wheels is the re-
cently reported tetranuclear manganese complex, with the formula
[Mny(anca),(Htea),(dbm),]2.5 Et,O.[11] Larger wheels include the Mn,, wheel, re-
ported in 2006, which consists of eighteen Mn(III) ions and six Mn(IV) ions linked
together to form a wheel-shaped topology.[12] It is believed that molecular wheels
could be used in design of quantum computer.[13]

The family of wheel-shaped complexes that shows SMM behavior is steadily
growing. Among these complexes are the Mn,, wheel [14] and the Mng, wheel, which
is the largest wheel-shaped SMM known to date. The largest reported spin ground
state for a wheel-shaped SMM is the S=14 ground state reported for the complex
[Mn;40,(OCH3),(tmp)s(CH;COO)6]-3Et,0.[15] Among the family of wheel-shaped
SMMs is a smaller family of single-stranded wheels including the Mn,s wheel >,
which has the largest single-stranded loop known to date and was reported in 2005. A
series of [Mn;,] wheels reported by Rumberger et al. [6] in 2005 are also examples of
single-stranded wheels.

In this contribution we predict Heisenberg exchange constant for Mn-based mag-
netic wheel using DFT+U method. We successfully validated the method for two
Mn(IV) bimetallic system and then applied the same protocol to predict the value of
the Heisenberg constant, which could not be predicted in the previous study using
Hybrid Density functional theory.[16]
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2 Computational Details

All the reported calculations were done using the PWSCF package,[17] which utilizes
PBE exchange-correlation functional, Vanderbilt ultrasoft pseudopotentials [18] and a
plane-wave basis set. The energy cutoffs for the wave functions and charge
densities were set at 35 and 360 Ry to ensure total energy convergence. The
Marzari-Vanderbilt [19] cold smearing with smearing factor 0.0008 was used for spin
polarized calculation. All molecular structures were optimized in ferromagnetic state
starting from atomic coordinates, obtained with X-Ray diffraction experiments. First
we validated our method for two Mn(IV) complexes (I and II) and then applied to the
Mn;, complex, referred as complex III. The DFT+U method described by Cao et.
al.[20] was used for the calculations. We applied Hubbard U parameter on Mn atom,
as well on the ligand oxygen and nitrogen atoms, coordinating the Mn atom. Since the
Quantum-ESPRESSO code doesn’t allow using U parameter on nitrogen, we modi-
fied the source code accordingly. Self-consistent Hubbard-U method has been incor-
porated to determine the U value for Mn which turns out to be 2.6 eV for this system.
For oxygen and nitrogen we used the U values of 1.50 eV. Local Thomas-Fermi mix-
ing mode was used to improve SCF convergence.

3 Results and Discussions

To obtain Heisenberg exchange constant of molecular magnet, we used DFT+U
method and we used U parameter on both the coordinating centers and on the transi-
tion metals. The Heisenberg Hamiltonian in general can be written as

H=-)J,5.5,

here J represents the coupling constant between the two magnetic centers S; and S;
The positive J values indicate the ferromagnetic ground state and the negative indi-
cate antiferromagnetic ground state.

3.1 Calculation of J for Bimettalic Mn(IV) Complexes and Validation of U
Values

We started with the X-ray crystal structures of two molecules having bi-manganese
(IV) center represented in Fig.1 (complex I) and Fig.2 (complex II). The difference
between the two molecules is the acetate bridge in the complex II. According to the
previous study,[21] the Hybrid DFT is unable to predict the J values for complex II
and some other molecules with acetate bridge[21, 22], while it was successful for the
complex I. Though BSDFT method is the most used method to predict theoretical J
values, but for complexes having specific ligand or for very small value of
Heisenberg exchange constant, [23-26] this method is not successful so much. That
calculation reported the J value ~ -37 cm™ whereas the experiment reports -100 cm™.
The reason for failure in predicting J suggested as the BS-DFT approach [27] fails to
predict the Heisenberg exchange constant related to the delocalization of unpaired
electron orbitals over both manganese centers. To deal with this problem we followed
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the procedure used by Cao et. al.[20] in order to predict J. By adjusting two different
U values (one for Mn atom, and another for N and O atoms), we obtained a reason-
able agreement with experimental J values for both complexes I and II. The results
are reported in the Table 1. The J values for complex I and complex II using BS-DFT
method are obtained from reference [21], for complex III [16] the cited J is the
Heisenberg exchange constant between Mnl —Mn6’ center.

Table 1. Calculation of Heisenberg exchange constant for Mn complexes

Calculated

with Calculated
Molecular Experimental ~ BSDFT with DFT+U U(Mn), U(O), UN),
magnet Jem'! Jem' Jom! isve) oy eV eV
Complex I -147% -131° -177.2 2.5 1.6 1.6
Complex II -100° -37¢ -85.9 2.5 1.6 1.6
Complex III 0.0¢ -26.17 25 1.6 1.6

Mnl —Mn6’

*Experimental data is taken from [28]
bExperimental Data is taken from [29]
°BSDFT calculation from ref [21]
4BSDFT calculation from ref [16]

Our calculated data agree with the experimental value to within 15%, for both
molecule with and without Acetate Bridge, compare to 65% deviation given by bro-
ken symmetry Density Functional theory.

hech

Fig. 1. [anoz(phen)4]4+Complex I (violet balls refer to Mn(IV) atoms, grey ones are carbon
atoms, white ones are hydrogen, red ones are oxygen, blue ones are nitrogen atoms
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Fig. 2. [Mn,0,(OAc)(Me,dtne)]** Complex I

3.2 Calculations of J for Mn;, System

After validating the value for both molecular magnet having Mn(IV) center we ap-
plied our protocol for Mnj, wheel [Mn;,(0O,CMe);4(mda)g] (where mda is N-methyl
diethanolamine). The Mn;, wheel has two different valence centers with different
coordinations (the Mn(III) is hexa- and Mn(II) is penta-coordinated). Fig. 3 shows the
spin arrangement predicted by previous DFT study [2].

The reason for using the parameter U for both the p and d orbital was explained by
Cao et al.[20] They suggested that Coulomb interactions between oxygen 2p electrons
are comparable to those between d electrons, [30, and 31] and should hence be taken
into consideration as well. However, since oxygen usually bares a fully occupied p-
shell, this correlation effect is often negligible. Therefore, in most cases, DFT+U* can
already yield a satisfactory description of the ground state without oxygen 2p-electron
corrections. Nevertheless, DFT+U*" has to be taken into consideration explicitly here
for both the 3d and oxygen 2p electrons in order to obtain the correct ground state for
this molecule. Previous B3LYP study on this molecule [2] was unable to predict the
correct antiferromagnetic ordering for Mnl’- Mn6 and Mnl-Mn6’ center shown in
Fig. 4, where zero J value was obtained. This study, however, did not consider the
entire molecule due to its large size. The molecule was divided into smaller fragments
that contained only two or three Mn centers. In our calculation we used all twelve
manganese centers and optimized the geometry with PBE exchange-correlation func-
tional. Thus obtained relaxed geometry was then used to calculate the J parameter
between 6-center fragments, described in Fig. 4. The energy difference between two
states shows this center has antiferromagnetic coupling, which is in agreement with
the experiment [2] which suggested a S=7 ground state of the [Mn;,0,CMe)
(HO,CMe);(OMe)* (mda)].
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Fig. 3. [MnIIMnIII(O,CMe)(HO,CMe);(OMe)* (mda)] Complex III (pink Mn refers Mn(III)
and green ball refers Mn(II)

&5=T2 fragment
Tz Iﬁrz T
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Fig. 4. Depiction of the spin alignments in the S=7 ground state [16] of complex III predicted
by the DFT calculations, with the Mn1-Mn6’ and Mn1'-Mn6 interactions antiferromagnetic.
The dashed line separates the two S=7/2 fragments that are coupled by the interactions between
Mn1-Mn6’ and Mn1'-Mn6; if these interactions are antiferromagnetic (negative J values), the
resultant spin of the complete molecule is S=7. [16].

4 Conclusions

We have performed DFT and DFT+U calculations for two Mn, (IV) and one Mn;,
molecular magnets. Because of the strong magnetic orbital delocalization in these
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systems, the broken symmetry pure DFT and hybrid DFT approach fails to predict
correct exchange coupling parameter values. The inclusion of a Hubbard-U like term
for both the Mn 3d and O, N 2p electrons greatly enhances the localization of the
magnetic orbitals for both high and low spin states, and is essential in order to obtain
the correct ground-state and exchange-coupling parameter values. These properties
were successfully reproduced by the Quantum ESPRESSO plane-wave pseudopoten-
tial DFT calculations.
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Abstract. Knowledge of the framework topology of zeolites is essential for
multiple applications. Framework type determination relying on the combined
information of coordination sequences and vertex symbols is appropriate for
crystals with no defects. In this work we present an alternative machine learning
model to classify zeolite crystals according to their framework types. The
model is based on an eighteen-dimensional feature vector generated from the
crystallographic data of zeolite crystals that contains topological, physical-
chemical and statistical descriptors. Trained with sufficient known data, this
model predicts the framework types of unknown zeolite crystals within 1-2 %
error and shows to be better suited when dealing with real zeolite crystals, all of
which always have geometrical defects even when the structure is resolved by
crystallography.

1 Introduction

Zeolites are crystalline materials with regular structures consisting of molecular-sized
pores and channels. These crystals are widely used in the field of adsorption, ion-
exchange, heterogeneous catalysis (basically all gasoline production employs zeolite
catalysts), as well as in health applications, sensors, solar energy conversion [1].
There are hundreds of zeolite species occurring naturally and/or synthetically, and
millions more have been hypothetically proposed [2]. Zeolite crystals are constructed
from an underlying three-dimensional network of TO, building block units. Within
this network there are loosely bonded exchangeable cations, adsorbent phases and the
building block central atom is tetrahedrally coordinated with four oxygen atoms.
Predominantly, Si, Al or P is the element in the center of the tetrahedral building
blocks and is referred as the T-atom. Zeolite networks are constructed by spatially
accommodating the TO, building blocks by corner sharing the oxygens located at
their vertices. These networks span a certain length and then repeat periodically
along the crystal. Thus, these underlying networks depend directly on the connectivity
of TO, units. Other zeolite crystal components such as cations, adsorbent phase,
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chemical composition, and observed crystallography properties are irrelevant in the
determination of the underlying network. There are topological differences between
networks in different crystals. Once a crystal network possesses a recognized topol-
ogy, the Structure Commission of the International Zeolite Association (IZA-SC)
approves it as an established framework type [3] and crystals displaying one of the
approved framework types are then cataloged as zeolites. Non-approved network
topologies fall into the category of hypothetical zeolites or are not zeolites. The
IZA-SC currently recognizes 186 unique framework topologies [3]. The TUPAC
Commission on Zeolite Nomenclature assigns a three-capital-letter acronym, the
framework type codes (FTC), to each framework topology [4]. Known zeolite crystals
belong to one of these topological categories. Crystals suspected to be zeolites that do
not meet the established framework types cannot be cataloged as zeolites.

The FTC is conventionally determined with the combined information of the coor-
dination sequences (CS) [5] and vertex symbols (VS) [6] of a zeolite crystal. Al-
though it is not excluded that different framework types would have identical coordi-
nation sequences and vertex symbols, these cases are infrequent [7]. The conventional
CS-VS method has limitations when applied to real zeolite crystals. Indeed, we no-
ticed that multiple zeolite crystals in the Inorganic Crystal Structure Database (ICSD)
[8] are distorted in various ways or might not contain complete crystal information.
Coordination sequences or vertex symbols calculated for these crystals are erroneous
and as a consequence their FTC cannot be predicted.

Exploitation of data mining and machine learning approaches is emerging in recent
years in the field of chemical and materials informatics as a powerful approach for
designing models that are developed based on data archived in databases [9,10]. The
challenging task is to turn such models uniquely based on data analysis into novel
applications. Similar approaches have been successful in a diversity of fields ranging
from speech and vision recognition, robot control, business management, to bioinfor-
matics and drug design.

In this work, we introduce a machine learning methodology for classifying zeolite
crystals according to their framework type. The model presented here is the second-
generation Zeolite-Structure-Predictor (ZSP2) developed on a data set of around 1300
zeolite crystals contained in the ICSD. ZSP2 is an extension of the original ZSP
model [10] in which different topological descriptors are considered. The methodol-
ogy used for building this model can be easily ported for the structural analysis of
other families of crystals.

2 Methodology

The ZSP2 uses Breiman’s Random Forest (RF) algorithm [11], which consists of an
ensemble of decision trees trained on a bootstrap sample of the training data. The
algorithm considers random groups of attributes for creating many trees rather than
using all attributes to build one tree. Classification predictions are made by majority
vote of all the trees. In this work the forest contains 100 trees and the WEKA [12]
implementation of RF is used throughout.
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2.1 Data Preprocessing

The process of cleaning the data is of paramount importance in data mining. When
queried for zeolite crystals, the ICSD gives about 1600 crystal entries. Data in these
entries are collected from published literature and do not include the framework type
information. Based on the structure content in each crystal entry, we were able to
assign the CS and VS to 1473 crystal entries by means of the zeoTsites package [13].
The remaining crystal entries have spurious geometry disorder or insufficient infor-
mation in the database and no CS-VS could be determined precisely [14]. The CS and
VS of these 1473 crystals were compared with the IZA-SC table, confirming that
1370 crystals can be referred as zeolites belonging to 94 framework types. The con-
ventional CS-VS method proves incapable for identifying a framework type of the
remaining 103 entries. Therefore the CS-VS method fails in 7.5 % of the cases to
assign a framework type to a suspected zeolite crystal.

In machine learning terminology a framework type is referred as a class and each
zeolite is referred as an instance. Machine learning models are more robust when
classes are populated by a large number of instances. The 1370 zeolite entries are
unevenly distributed among the 94 framework types. Indeed, class population ranges
from 1 to 351 instances. There are 53 classes populated with only one or two in-
stances, which are clearly inadequate for developing a data-based model. Because of
this limitation, our machine learning study focuses on the 41 classes populated with at
least 3 instances. However, the model described in this work can be easily extended to
classify according to 186 classes in the zeolite case, and can be used for other crystal
families as well.

Although the ICSD is the largest and most comprehensive database of inorganic
crystals, it presents constrains for building models based on data contained in its re-
pository. There is hope that the ICSD will continue adding crystals to the existing
portfolio, which would then allow for further informatics approaches based on the
crystal data to become useful to the materials and solid state chemistry community.

2.2 Feature Generation

An attribute is a descriptor of a certain crystal property. A feature is the specification
of an attribute. The ZSP2 model for classification of zeolites into framework types
includes categorical and quantitative features of topological, chemical and statistical
nature.

The topological descriptors in the ZSP2 are based on a statistical geometry approach
based on the Delaunay tessellation [15] of a supercell of each zeolite crystal [10].
Delaunay tessellation provides an objective, non-arbitrary definition of nearest
neighboring points in space. Depending on the motif of the points, such tessellation has
been used to characterize liquids [16,17], proteins [18], as well as zeolites [19]. The
ICSD crystal entries provide the asymmetric unit cell of the crystal resolved from X-ray
experiments. With this information, it is possible to generate the unit cell of a given
crystal and once the unit cell is known, a supercell containing several unit cells can be
generated numerically [20]. In the zeolites analyzed, the unit cells span a wide range of
sizes and contain between 20 and 3040 atoms (excluding the hydrogens).
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With the purpose of proposing topological descriptors, large supercells of all 1370
zeolites are generated such that a spherical cut of fixed radius 35.32 A could be
carved out of each supercell. The sphere radius is chosen to ensure that the carved
sphere in crystals with huge unit cells encompasses a central unit cell and at least one
neighboring unit cell in each of the three directions. The next step is to remove from
the supercell sphere all oxygen atoms, all cations, and the full adsorbent phase. Thus,
only T-atoms are retained inside the sphere. These T-atoms constitute the backbone of
the zeolite framework and the Delaunay tessellation is performed on points in space
coinciding with their location. This procedure yields the Delaunay simplices
(distorted tetrahedra), which contain T-atoms at their vertices. Tens of thousands of
Delaunay simplices are obtained per zeolite spherical supercell. Most simplices are
distorted tetrahedra with edges that can be very long. In contrast, the TO, units that
sustain the zeolite framework are near-to-perfect tetrahedra with edge lengths consis-
tent with small variations around the oxygen-oxygen bond length.

In this work, the proposed topological descriptors are based on three geometrical
properties of the Delaunay simplices: i) mean edge length (4) of the six edges of
each simplex; ii) in-sphere volume (iV) of the largest sphere inscribed in a simplex;
iii) tetrahedrality (7) defined as the degree of distortion of a simplex from a regular
tetrahedron:

5.6 (d—d)?
T= @-d) ,2’) ,
i1 j=i+1 15d

where d; is the i-th edge length of the simplex. Mean and standard deviation (o) of
these three properties are calculated for all simplices within each zeolite. The six
topological descriptors are mean_d , 6_d , mean_iV, o_iV, mean_T, and c_T.
Additional geometrical descriptors were adopted by considering secondary sim-
plices corresponding to a second coordination shell in Delaunay space [21]. Because
each simplex has four adjacent tetrahedra that share one of its faces, the four new
vertices can be linked into a larger tetrahedron defining the secondary simplex. Six

geometrical descriptors: mean_d », 6_d 2, mean_iVs, 6_iVs, mean_T>, and o_T>,
based on secondary simplices were adopted.

Finally, six physical and chemical properties of a crystal are considered as descrip-
tors: framework density (p), unit cell volume (V,), space group (SG), and the chemi-
cal composition of T-atoms Si, Al and P ([/Si], [Al], [P]). Among them, SG is the only
nominal feature.

In summary, the zeolite classifier model ZSP2 is based on an 18-feature vector com-
posed of twelve topological/statistical descriptors and six physical-chemical descriptors.

3 Results and Discussion

The performance of the ZSP2 model depends on the size of the feature vector used to
create it. The performance is measured in terms of accuracy, which is defined as the
percentage of instances that the model classifies correctly. Traditional classifiers in
data mining contain very few classes, and typically the classification is reduced to two
classes, which can then be addressed in binary language. Considering the dataset of
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1370 instances and 41 classes, classification accuracy increases progressively as addi-
tional relevant features increase the dimensionality of the feature vector. This effect is
shown in Table 1, where the reported accuracy is calculated with stratified 10-fold
cross validation and averaged over ten trials. Classification accuracy is 90.6% with a
feature set containing the six topological descriptors based on the first Delaunay shell
(mean_d, 6_d, mean_iV, o_iV, mean_T, and o_T). By gradually adding features
from secondary simplices, T-atom composition, p, Vo, and SG, the classification
performance is progressively improved. Finally, with the 18 features included in the
model an impressive accuracy of 97.9% is reached. Consistently, the out of bag error
(OOB) decreases as classification accuracy increases.

The worth of features for this classifier was investigated by evaluating their infor-
mation gain with respect to the classes considered. This analysis determines that mean

_d, mean_iV, mean_T , p, V,, SG, [Si], [Al] are the nine most significant features.
However, the ZSP2 built with thel8-feature set is computationally very fast and thus
all 18 features are kept throughout this study.

To analyze the effect of the population size of each class on the ZSP2, seven dif-
ferent models were built each of them classifies into a similar number of classes, but
these classes are populated with different number of instances per class (x). Figure 1
illustrates the performance of the seven classifications. The plotted accuracy is a re-
sult of using stratified 10-fold cross validation and averaging over ten trials. Although
the classification process is dependent on the motif of classes involved in each data
group, it is evident that the ZSP2 model is more accurate when trained with well
populated classes. In fact, the ZSP2 yields 100% accuracy when built with six classes
that have more than 63 instances.

Table 1. ZSP2 classification with various feature sets, 1370 instances and 41 classes

EE mean_d ,6_d ,
mean_d ,o_d ,

Feature set

mean_d ,o_d ,
mean_iV, 6_iV,
mean_T, c_T

mean_d ,o_d ,
mean_iV, c_iV,
mean_T, o_T,
mean_d 2,6_d 2,

mean_iV, 6_iV,
mean_T, o_T,
mean_d2,6_d 2,
mean_iV2,6_iV2,

mean_iV, c_iV,
mean_T, o_T,
mean_d2,6_d 2,
mean_iV2,6_iV2,

mean_iV2,0_iV2, mean T2 6 T2 mean_T2,6_T2
mean_T2, c_T2 R [Si], [Al], [P],
[Si], [Al], [P] 0V, SG
0OOB 0.024+0.001 0.0990.004 0.054+0.003 0.024+0.001
Acf;)rfcy 90.6+0.2 92.8+0.2 94.6+0.3 97.9+0.1

The model improvement through experience is demonstrated through its learning
curve. For this experiment, a balanced dataset is constructed such that each class is
populated equally. Figure 2 shows the learning curve of the ZSP2 when the model
classifies into six classes, each of them populated with 60 instances. In this figure the
accuracy (vertical axis) pertains to instances correctly classified from split of the total
number of instances (fest-set) once the model was trained with the remaining split of
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Fig. 1. Classification performance of the ZSP2 obtained for seven data groupings with about
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Fig. 2. The learning curve of the ZSP2 built for a balanced dataset of 360 instances and six
classes

available instances (plotted on the abscissa). For each training/test split, the training
instances are drawn at random from the available data. Next, the test instances are
randomly drawn from the remaining instances. The split is repeated 100 times for
each point. Both mean and standard deviation of this process are shown in Figure 2. It
is clearly shown that the ZSP2 improves fast when the training set is small, then more
smoothly when the training set exceeds 24 instances/class, and reaches a plateau at
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about 42 instances/class. Finally, the ZSP2 model performs perfectly when trained
with 54 instances per class. Therefore, the ZSP2 yields perfect classification into six
classes for datasets containing 60 instances per class.

Among the 1370 available instances, 1041 of them are distributed in 11 classes
with more than 27 instances/class. The ZSP2 model for this 11-class dataset, using
stratified 10-fold cross validation and repeated ten times, classifies 99.3% of the in-
stances correctly, which is not perfect but excellent.

The ZSP2 could be tested with larger datasets and more than 41 classes. However,
we have been limited to the content of the ICSD, which currently allows for as much
as 41-class classification as shown in Table 1. To predict the classification of in-
stances falling within a class not included in the 41 trained classes, a bag class was
defined containing the 53 frameworks poorly populated in the ICSD. Now ZSP2 is
built with 1370 instances to classify into 42 classes including the bag-class. With ten
times 10-fold cross validation, the ZSP2 correctly classifies 95.3% of all instances. If
the number of classes is reduced by keeping in the ZSP2 only those classes populated
with x or more instances, and placing the rest into the bag-class, the predictive power
of the model improves as the number of classes decreases as shown in Table 2.

Table 2. The ZSP2 classification of four datasets including a bag-class

Dataset Datasetl Dataset2 Dataset3 Dataset4
Number of
instances per x23 x29 x219 x263
class=x
Size of the bag 65 157 251 477
class
OOB 0.052+0.003 0.037+0.003 0.027+0.002 0.009+0.001
Accuracy (%) 95.3+0.1 96.5+0.1 97.30.1 99.0+0.2

During the data cleaning procedure 103 instances with determined CS-VS were
removed from the analysis because they were not consistent with any framework type.
The ZSP2 for a 41-class model predicts that 60 of these instances belong to these 41
classes. This finding was further corroborated by details given in the published litera-
ture that originated the entries in the ICSD of these 60 crystals.

Compared with the conventional method to assign zeolite framework types, the
ZSP2 machine learning model is more robust to geometry disorder and occasional
errors in the data. By examining the zeolite entries in the ICSD, it was noticed that
measured structural crystal data may differ substantially from perfect crystals. As a
consequence, erroneous FTC would be determined for these cases. On the other hand,
these types of errors are more likely to be tolerated by the ZSP2 model.
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4 Conclusion

In this work we present the ZSP2, a machine learning model for classifying zeolites
crystals according to their framework type. The approach requires as input the resolved
crystallographic data of each crystal only for T-atoms in the framework. The ZSP2 is
then a more efficient model than the ZSP where the crystallographic resolution had to
contain all atoms. The complete crystallographic information is also required to assign
a framework type to a zeolite crystal using the conventional coordination sequence and
vertex symbol approach. The ZSP2 performance is highly accurate. Indeed, the model
is able to predict correct classification with up to 100% accuracy when enough data
are available. The novel approach is considerably more robust than the conventional
identification method and can potentially be used to study other families of crystals.
There are over 100,000 crystal entries in the ICSD and the ZSP2 model can be tai-
lored for clustering and classifying with a variety of different objectives. Work is in
progress in this direction.
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Abstract. Mechanism of photoswitching in diarylethenes involves the light-
initiated symmetry-allowed disrotatory electrocyclic reaction. Here we propose
a computationally inexpensive Density Functional Theory (DFT) based method
that is able to produce accurate potential surfaces for the excited states. The
method includes constrained optimization of the geometry for the ground and
two excited singlet states along the ring-closing reaction coordinate using the
Slater Transition State method, followed by single-point energy evaluation. The
ground state energy is calculated with the broken-symmetry unrestricted
Kohn-Sham formalism (UDFT). The first excited state energy is obtained by
adding the UDFT ground state energy to the excitation energy of the pure
singlet obtained in the linear response Time-Dependent (TD) DFT restricted
Kohn-Sham formalism. The excitation energy of the double excited state is cal-
culated using a recently proposed (Mikhailov, I. A.; Tafur, S.; Masunov, A. E.
Phys. Rev. A 77, 012510, 2008) a posteriori Tamm-Dancoff approximation to
the second order response TD-DFT.

Keywords: Time Dependent Density Functional Theory, Photochromism, Pho-
toswitching, Optical Data Storage, Double excited state, Theoretical Photochem-
istry, Two-photon Absorption, Rational Materials design.

1 Introduction

Recording density of the data storage becomes an important issue in the recent years.
While magnetic media neared its maximum capacity with the bit size c.a. 20 nm, the
technological advances in optical disks is expected to win the competition with tradi-
tional magnetic storage devices. In particular, these advances include the photon-mode
recording, in the contrast to the optical memory systems presently available on the
market. Most of the existing systems utilize heat-mode recording, where the light is
converted into thermal energy, induces a magnetic or structural phase transition (mag-
neto-optical [1, 2] and phase-change [3] effects) and changes physical properties of the
medium. In the photon-mode of data recording, the light initiates photochemical
reaction of a particular component of the material. This allows introducing the third
axial dimension to the recording process. This three-dimensional technology will use
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© Springer-Verlag Berlin Heidelberg 2009
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polymers, doped with the photochromic compounds undergoing a reversible photoi-
somerization [4]. A promising class of photochromics is exemplified by diarylethene
compounds, shown in Scheme 1. They undergo photoinduced conrotatory ring opening
and closing, and have important practical advantages over other classes of compounds,
including thermal stability and resistance to linear optical photofatigue [5].

T hv
7 N\ (/ N\ / \
X X 7 H X

', A

Scheme 1. Diarylethene photoswitching reaction (X = O or S)

Some of the photochromic materials undergo photoisomerization in ultrafast re-
gime (in the order of 10 fs). These ultrafast switching capabilities can be useful for
various photonic devices, such as optical switches, variable frequency filters, attenu-
ators, and phase shifters, interconnection, and components of optical computers.

Organic photonic materials have another important advantage, as their properties
can be fine-tuned by chemical modifications of molecules. However, these modifica-
tions may change or completely eliminate the photochromic ability. Theoretical stud-
ies are indispensible to understand the reason of these changes and to formulate the
guiding principles for the rational molecular design ([6] and [7]). However, as Naka-
mura et al. state in their recent review [7], the accurate relative energies of the excited
states in real size molecules are still very difficult to calculate, because it requires the
balanced description for both covalent (2A state) and ionic states (1B state).

In this contribution we propose a new theoretical method based on the Density
Functional Theory. This method is able to produce accurate potential surfaces for the
1B and 2A excited states as compared to available experimental data and results of
the high-level multireference wavefunction theory methods. It is also computationally
inexpensive and capable to predict the photophysics of large molecules of practical
Interest.

2 Theory

Computational photochemistry offers a number of theoretical methods for investigation
of photochemical reaction mechanisms. Unlike thermally activated chemical reactions,
which take place in the ground electronic state (Sy), a photochemical process involves
the electronically excited state (S;). During this process the reactive system is elec-
tronically excited from Sy to Sy, and after some evolution on an upper potential energy
surface (PES) decays back to the ground state in either product or reactant basin
through conical intersections (CIX). A useful simplified description of this process is
called the reaction Pathway Approach [8]. Instead of the entire PES, it considers the
minimum energy path (MEP) [9] which is followed by the center of a wave packet
[10]. This approach is focused on local properties of PES, such as minima, barriers,
and slopes. In the Pathway Approach, a Conical Intersection serves as a funnel, which
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delivers the excited state intermediate to the ground state reactant or the product, so
that quantum yield is largely determined there [11]. It has been found very useful for a
qualitative analysis of reaction mechanisms, prediction of photoproducts, and rationali-
zation of experimental excited state lifetimes, quantum yields, absorption and emission
spectra [12, 13].

A number of computational tools have been developed to predict the PES
[11, 14, 15]. A computationally inexpensive approach to describe electronically ex-
cited systems is based on the time-dependent (TD) or, more precisely, linear response
DFT formalism. Instead of orbital relaxation, TD-DFT uses a mathematically equiva-
lent procedure where the KS wavefunction is expanded in terms of Slater determi-
nants, singly excited with respect to the reference state. The rigorous formulation of
TD-DFT [16] demonstrates that this description is in principle exact, given that the
frequency-dependent exchange-correlation functional is known. In most practical
applications, however, this frequency dependence is ignored (so called adiabatic
TD-DFT). This method was often reported to accurately predict electronic spectra and
excited state geometries. However, TD-DFT was found to be somewhat less success-
ful in description of PESs in the vicinity of a CIX [17]. In this contribution we show
that these difficulties are routed to the failure of the restricted Kohn-Sham formalism
for the reference ground state close to geometry of the pericyclic minimum, and in-
troduce a possible solution.

The Kohn-Sham formalism of DFT was developed for non-degenerate cases; it
breaks down for systems with strong diradical character and degeneracy of the elec-
tronic levels, such as CIX geometries. However, static (also known as left-right) elec-
tron correlation can be taken into account by using different orbitals for different spin.
This approach, known as the unrestricted Kohn-Sham formalism (UKS) is known to
yield a qualitatively correct description of bond breaking [18].

Excited states, on the other hand, require the restricted formalism to avoid heavy
mixing of higher spin states in description of the excited singlet. Although the TD-
DFT was suggested on the UKS reference [19], this is considered to be incorrect in a
rigorous theory [20]. One possible approach for analyzing PES of excited states can
be formulated by adding excitation energies obtained in the restricted TD-DFT for-
malism to the ground state energies calculated with the UKS method. Thereafter we
will refer to this approach as to RTD-UDFT. Although for the photoswitching sys-
tems considered in this contribution the difference in the ground state energy obtained
with the RKS and UKS formalisms is close to 20 kcal/mol or less, we will numeri-
cally show that this difference is sufficient to bring the excited state PESs to agree-
ment with the results obtained at a higher theory level, when available.

Another theoretical development, necessary to describe the region of the conical in-
tersection is related to the double excited states, missing in the adiabatic linear re-
sponse TD-DFT approximation [21]. Mixing of the double excited states to the linear
response TD-DFT states is offered by the Coupled Electronic Oscillator formalism
[22-24], where doubly excited states appear in the second order as simple products of
the excitations obtained at the linear response level. We recently used this fact to pro-
pose the a posteriori Tamm-Dancoff approximation (ATDA), and demonstrated its
accuracy for linear polyenes in their ground state geometry [25]. We will show in
Section 5, that ATDA-UDFT produces accurate energies for the double excited state in
the entire range of the bond breaking reaction coordinate, provided that the molecular
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geometry corresponds to that state. For excited states that appear in the linear response
TD-DFT the ATDA yields identical excitation energies and transition dipoles from the
ground state, while permanent dipoles and state-to-state transition dipoles differ.

Since analytical gradients in the ATDA-UDFT approach are not yet implemented
in computer codes, in our studies we use the Slater transition state method (STS) to
optimize geometry of the excited states. In this method, half an electron is promoted
from the highest occupied molecular orbital to the lowest unoccupied molecular or-
bital and self-consistency is achieved with these fractional orbital occupations [26].
STS is known to be a good approximation to the corresponding ASCF excitation en-
ergy [27, 28]. Its further extension to the modified linear response DFT method [29]
yields considerable improvement in description of the charge-transfer and Rydberg
states, compared to the TD-DFT approach. A practical advantage of STS is an easier
SCF convergence, compared to the excited-state SCF convergence, which often pre-
sents a major problem [30].

3 Computational Details

All calculations were performed using the Gaussian 2003 Rev. E1 suite of programs [31].
We used the hybrid meta-GGA exchange-correlation functional M05-2X from
Truhlar’s group with double fraction of the Hartree-Fock exchange, designed for
accurate description of both equilibrium geometries and transition states. The mini-
mum energy pathways (MEPs) were built using the relaxed scan along the forming
pericyclic C—C bond (reaction coordinate). The ground singlet state (S0), was opti-
mized at the UMO05-2X/6-31G level of theory, while the single 1B and double 2A
excited singlet state geometries were optimized in the Slater Transition State method.
STS was implemented using equal fractional occupation numbers for HOMO and
LUMO in the alpha-set only [to approximate geometry of the single excited state 1B,
I0p(5/75=1,76=2)], and both alpha and beta sets [to approximate geometry of the
double excited state 2A, 10p(5/75=1, 76=2,77=1,78=2)]. Excitation energies were
taken from single-point calculations in the a posteriori Tamm-Dancoff approximation
for the lowest single excited state 1B and the lowest double excited state 2A. The
excitation energies thus obtained at the ATDA-MO05-2X/6-31 level, were added to the
ground state energies obtained at the UMO05-2X/6-31G level of theory. The resulting
ATDA-UMO05-2X/6-31G//STS-UMO05-2X/6-31G energies were plotted in the range of
the reaction coordinate from 1.4 to 3.5A with 0.1A step size as MEPs.

4 Results and Discussion

Cyclohexadiene/hexatriene (CHD/HT) conversion is the simplest example of an elec-
trocyclic reaction. Dynamics of cycloreversion in the CHD/HT system was repeatedly
studied with time-resolved ultrafast spectroscopy techniques [12, 32]. The results are
summarized in Ref. [10].

The theoretical description of this process involves plotting realistic potential en-
ergy surfaces (PESs), which until recently required the use of ab initio multireference-
based quantum chemistry methods. Pioneering CAS study of the HT/CHD system
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was published by Robb, Olivucci et al. [33-35]. They found that 2A and 1A surfaces
touch at a molecular conformation of tetraradical character, located away from the C,-
symmetric coordinate, and including partial bonds C1...C6 and C2...C6. They also
found that accounting for dynamic electron correlation is essential to correctly predict
the relative energies of 1B and 2A states. Despite the fact that 2A/1A and 1B/2A
conical intersections complicate the energy landscape by adding an extra dimension,
the qualitative interpretation given by the state correlation diagram along symmetric
coordinate still holds. It was further confirmed at the high level (CASPT2 and MRCI)
by building ab initio PESs and performing two-dimensional quantum dynamics
[36, 37] on these PESs. Barrierless descent on excited state PES was found to deter-
mine ultrafast photoconversion between CHD and HT, and quantum yield of this
process was primarily determined by location of the 2A/1A CIX.
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Fig. 1. Minimum energy pathways for the ground (S0, 1A), single excited (S1, 1B) and double
excited states (S2, 2A) along the reaction pathway of the ring-closing C-C bond in the CHD/HT
system, predicted at the ATDA-UDFT/6-31G//STS-DFT/6-31G theory level, using the M05-2X
exchange-correlation functional. Absence of an appreciable energy barrier on the pathway from
the 1B state of CHD in the Franck-Condon geometry (left) to the minimum on the 2A surface is
consistent with ultrafast rate of the photoinitiated cycloreversion reaction CHD—HT.

Minimum energy pathways (MEPs) obtained in this study are plotted in Fig. 1. As
the C1...C6 reaction coordinate contracts from a non-bonding distance to the normal
covalent bond, the bright 1B state (characterized by the large transition dipole from
the ground sate), is being monotonically stabilized in energy, starting descent to the
pericyclic minimum. At the same time, the dark 2A state (with a negligibly small
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transition dipole from the ground state) is being stabilized even faster, crosses the 1B
state surface, and forms the bottom of the pericyclic minimum.

It is worth noting that geometry of the ground state does not approximate the ex-
cited state geometry accurately enough to produce a reasonable potential energy sur-
face. The vertical excitation curve, plotted in Fig. 1 and representing energy of the 1B
state at the ground state geometry, displays a maximum instead of a pericyclic mini-
mum, and contradicts both high level ab initio and more accurate relaxed ATDA-
UDFT data.
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Fig. 2. Relative state energies (in eV) for the ground and two lowest singlet excited states in
CHD/HT system, obtained at the UDFT/6-31G//STS-DFT/6-31G theory level, using the M05-
2X exchange-correlation functional. The results of high level MR-PT2 ab initio calculations
from Ref. [36] are shown for comparison in parentheses. Absence of an appreciable energy
barrier on the pathway from the 1B state of CHD in the Franck-Condon geometry (left) to the

minimum on the 2A surface explains ultrafast rate of the photoinitiated cycloreversion reaction
CHD—HT.

A qualitative comparison between our modified DFT results and state-of-the-art
wavefunction theory method MR-PT2 calculations of the CHD/HT system is pre-
sented in Fig. 2. Five important points were considered: ground state equilibrium
geometries for closed and open isomers (CHD and HT), corresponding to
Frank-Condon geometries of the ground states; and excited states 1B and 2A, opti-
mized into the respective pericyclic minima. They are in surprisingly good agreement
with high level ab initio results. As one can see, ATDA-UDFT //STS-DFT at the
MO05-2X/6-31G theory level, adopted in this work, almost uniformly overstabilizes
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both excited states by 0.4-1.0 eV, but retains the correct order of excited states, as
compared to the multireference perturbation theory results. To the best of our knowl-
edge, this is the first report of the correct state ordering in this system, obtained from
a DFT-based approach.
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Fig. 3. Minimum energy pathways for the ground (S0, 1A), single excited (S1, 1B) and double
excited states (S2, 2A) along the reaction pathway of ring-closing C—C bond in the dithioary-
lethene system, predicted at the ATDA-UDFT/6-31G//STS-DFT/6-31G theory level, using the
MO05-2X exchange-correlation functional. The legend is the same as in Fig. 1. Absence of an
appreciable energy barrier on the pathway from the 1B state of the open form in the Franck-
Condon geometry (left) to the minimum on the 2A surface is consistent with ultrafast rate of the
photoinitiated cycloreversion reaction. The distance C1-C6 (reaction coordinate) was kept
frozen during geometry optimizations of the ground and excited states using the STS-DFT
method.

Dithienylethene (Scheme 1, with X=S) is the simplest homolog of diarilethens, an
important class of compounds for photoswitching applications. Our calculations pro-
duced the minimum energy pathways for the ground and the two lowest single and
double excited states, which are plotted in Fig. 3. One can see that MEP of the 1B state
has a minimum in the closed form, and monotonically rises to the Franck-Condon
region of the open form. The doubly excited 2A state, on the other hand, forms a
pericyclic minimum and crosses below the 1B state in the vicinity of the conical
intersection.

Therefore, the excitation of the open form is followed by the ultrafast barrierless
relaxation into pericyclic minimum along 1B and then 2A PES, while the excitation



176 L.A. Mikhailov and A.E. Masunov

of the closed form will populate the potential minimum on the excited state surface.
The conversion of the excited closed form into the pericyclic minimum must first
overcome the small (c.a. 5 kcal/mol) potential energy barrier, which leads to relatively
slow cycloreversion. The excited state absorption will then bring the system from the
1B to the 2A state, followed by barrierless relaxation toward CIX. Thus, our MEPs
explain both slow cycloreversion and ultrafast photoswitching upon sequential two-
photon absorption.

5 Conclusions

A new approach to plot potential energy surfaces of the excited states, based on Den-
sity Functional Theory is presented. This approach includes both single and double
excitations appearing in first and second order Time-Dependent DFT in the Coupled
Electronic Oscillator formalism (dubbed the a posteriori Tamm-Dancoff approxima-
tion, ATDA-DFT). Unphysical spikes on these surfaces close to pericyclic minima
were traced to the failure of the restricted Kohn-Sham formalism to describe the par-
tial bond breaking on the ground states, and were eliminated by replacing the ground
state energy component of the excited state with the one obtained in the unrestricted
broken symmetry Kohn-Sham formalism (termed here ATDA-UDFT). Importance of
excited state geometry optimization (as opposed to the habitual use of unrelaxed
ground state geometries) in accurate prediction of these potential energy surfaces was
demonstrated. For the lack of analytical derivatives at the ATDA-UDFT theory level
the lowest single and double excited state geometry is approximated using the Slater
Transition State method (STS-DFT). The combined ATDA-UDFT//STS-DFT ap-
proach was shown to slightly underestimate energy of both excited states but correctly
reproduce the state ordering and the energy crossovers as compared to the high-level
multireference perturbation theory results for hexatriene/cyclohexadiene system. The
approach was also able to explain experimentally observed slow photochemical
cycloreversion rates and fast excited state absorption initiated cycloreversion in model
dithioarylethenes. This method may assist in future development of new photoswitch-
ing materials for advanced applications in the Information Technology.
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Abstract. Two-photon absorption (2PA) and subsequent processes may be lo-
calized in space with a tightly focused laser beam. This property is used in a
wide range of applications, including three dimensional data storage. We report
theoretical studies of 5 conjugated chromophores experimentally shown to have
large 2PA cross-sections. We use the Time Dependent Density Functional The-
ory (TD-DFT) to describe the electronic structure. The third order coupled elec-
tronic oscillator formalism is applied to calculate frequency-dependent second
order hyperpolarizability. Alternatively, the sum over states formalism using
state-to-state transition dipoles provided by the a posteriori Tamm-Dancoff ap-
proximation is employed. It provides new venues for qualitative interpretation
and rational design of 2PA chromophores.

Keywords: conjugated chromophores, two-photon absorption, time-dependent
density functional theory, coupled electronic oscillators, sum over states,
Tamm-Dancoff approximation, structure-activity relationship.

1 Introduction

Two-photon absorption (2PA) is an electronic excitation process involving simultane-
ous absorption of two photons. There are a wide range of 2PA applications, such as
three dimensional data storage, photonic devices, lithographic micro-fabrication [1],
quantum information technology [2], optical limiting, two-photon pumped lasing in
organic chromophores and quantum dots [2, 3], in-vivo bioimaging, and cell-selective
photo-dynamic therapy [3]. Most applications require chromophores with large 2PA
cross-sections to minimize laser intensity requirements and prevent overheating of tar-
gets [1]. To design more efficient 2PA chromophores, it is important to understand
their structure/activity relationships (SARs). Computer modeling of 2PA spectra facili-
tates understanding of these relationships and is becoming an important part rational
approach that may accelerate progress in chromophore design [4]. Accurate predictions
of 2PA spectral profiles would greatly assist in the design of more effective 2PA
chromophores while eliminating poor candidates form the synthetic pipeline. The goal
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of this study is improvement in quantitative predictions of 2PA, as well as develop-
ment of qualitative tools to understand the relations between the electronic structure of
the chromophores and 2PA profiles.

In the past decades several research groups had made a strong effort aimed at the
development of new compounds with large 2PA cross sections. The main guiding
principle used in those studies involved electron transfer between electron-donor (D)
and electron-acceptor (A) moieties attached symmetrically or asymmetrically to the
n-conjugated bridge. Fluorene fragment in particular was found to be a good example
of m-conjugated bridge due to highly delocalized n-system delocalized over the two
benzene rings held together at nearly coplanar orientation by methylene bridge [5].
D-n-A, D-n-D, or A-n-A molecular structures have been proposed and studied both
theoretically and experimentally. In recent studies fluorene derivatives have been ex-
tended to D-m-n-A and A-m-m-A types with the aim of increasing 2PA absorption
cross-sections [6-10]. However, the choice of functional groups and linkages the most
appropriate for developing chromophores with the largest 2PA characteristics it is still
under active investigation.

In order to accelerate the experimental efforts based on traditional trial and error
approach, a quantitative understanding of the trends in dependence of 2PA cross-
section on molecular structure would be clearly beneficial. Two major approaches had
been used applied to accomplish that goal. First is based on essential state models
(three-state, four-state, etc.). Parameters of these models (such as excitation energies
and transition dipoles) are adjusted to fit experimental data. These parameters are then
correlated with details of molecular structure (m-conjugated chain lengths, do-
nor/acceptor strengths, etc.). Another approach consists of quantitative prediction of
2PA cross-sections at chosen level of theory, followed by analysis of the physical
principles of the major contributions into this property. The levels of theory, used for
2PA predictions cover the wide range.

In recent quantum chemical calculations performed on conjugated chromophores
have shown that a substantial symmetric charge redistribution that occurs upon excita-
tion may account for heightened sensitivity to 2PA events [6]. In their work Bredas et
al. established a good agreement between the peak values of 2PA crossections meas-
ured with femto-second pulses and those calculated with semi-empirical intermediate
neglect of differential overlap Hamiltonian with multi-reference double-configuration
interaction (INDO-MRD-CI) scheme based methods. Aside from the donor-acceptor
configuration of 2PA active chromophores, it was also established by Bredas et al. that
increasing the length and charge transfer of the molecules results in an increase in 2PA
crossections and may also result in a significant shift of 2PA to longer wavelengths [6].
Complementarily, Agren et al. theoretically studied four lowest excited states of & con-
jugated systems experimentally produced and characterized by Kim et al. [10] and
Ventelon et al. [9] using ab initio response theory. They showed that their theoretical
findings were consistent with the correlation between large 2PA crossections and a ©
center, but that though the one photon absorption (1PA) spectra was strongly correlated
to the molecular length this was not always the case for 2PA in the visible domain [5].
At around this time it was also established by Fabian er al. that spectral absorption
features are reasonably well reproduced by the approximate semi-empirical MO-CI
methods based on the NDO (ZINDOY/S), however time-dependent density functional
response theory (TD-DFT) proved to be superior over semi-empirical methods [11].
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Since then Hales et al. showed that 2PA spectra for symmetric and asymmetric fluo-
rene derivative compounds exhibit intermediate resonant enhancement of nonlineari-
ties, with an order of magnitude enhancement for asymmetric cases, when compared to
degenerate 2PA. INDO-MRD-CI semi-empirical methods that implemented a simpli-
fied three level model were also shown to provide additional insight into the mecha-
nisms governing 2PA events [12]. Several groups published works investigating the
structure-activity relationships (SARs) responsible for the 2PA characteristics.

The conjugated chromophores selected as the subjects of this study are presented in
Scheme 1. Theoretical models of these were derived by truncation of the aliphatic
chains and replacing them with to methyl groups in the original experimental
structures. The abbreviations of the model molecules and the systematic names of the
corresponding experimentally studied ones are: BzFBz: 2,7-Bisbenzothiazolyl-9,9-
didecylfluorene; BzFDp: (7-benzothiazol-2-yl-9,9-didecylfluoren-2-yl)diphenylamine;
DpFDp: 9,9-didecyl-2,7-bis(N,N-phenylamino)-fluorene; BzPFPBz: 2,7-Bis[4-(9,9-
didecylfluoren-2-yl)vinyl]-phenylbenzothiazole; DpPFPBz: {7-[2-(4-Benzothiazol-
2ylphenyl)vinyl]-9,9 didecylfluorene-2yl}diphenylamine. These compounds were
experimentally synthesized and characterized by Belfield et al. as a model compounds
for possible applications in two photon microfabrication, two photon photochemical
transformations, non-destructive 3-D multiphoton fluorescence imaging, and photody-
namic therapy [7, 12, 13]. They found large (600GM) cross-sections for BzZFBz while
studying the design of rigid-rod polymers while 2PA cross-sections of the polymers
were reduced by aggregation [14]. Compound BzFBz additionally exhibited a large
fluorescence quantum yield. The good chemical, thermal, and photochemical stability,
combined with desirable one- and two-photon absorption and luminescence properties,
stand out as characteristics of this chromophore as a promising material for two-photon
based technologies [15]. Compound BzFDp has been previously implemented for in
vivo 2PA biomedical imaging applications, as a fluorophore dye used for staining rat
cardiomyoblast cells (H9¢c2), by Belfield er al. due to its high photostability, fluores-
cence quantum yield, and two-photon absorption cross-section over the tunable range
of commercially available Ti:sapphire lasers [16]. Additionally, BzZFDp has been
investigated as a potential 2PA free-radical photo-initiator for three-dimensionally re-
solved polymerization, resulting in intricate micro-fabrication and imagining [17].

In semi-empirical wave function theory studies of 2PA active organics have been
carried to a varying degree of success. The efforts put forward in these studies have
circled around INDO (intermediate neglect of differential overlap) semi-empirical
Hamiltonian models for molecular geometry optimizations and the implementation of
the INDO Hamiltonian coupled to a MRD-CI (multi-reference double configuration
interaction) formalism in the description of ground and excited states. The description
of these states were then used to calculate ground and excited state energies, dipoles
and transition dipoles [18] which in turn were implemented in the sum over states
formalism (SOS) to calculate linear or nonlinear material response.

Recently, Time Dependent Density Functional Theory (TD-DFT) was successfully
used to simulate 2PA electronic spectra in large conjugated molecules [19-21]. The
coupled electronic oscillator (CEO) formalism performed well, after it was shown that
the density matrix formulation of the time-dependent Kohn-Sham equations allows
treatment of adiabatic TD-DFT on the same footing as the TDHF theory to an arbitrary
order in the external perturbation [22]. This approach was shown to achieve superior



182 S. Tafur et al.

accuracy for 2PA excitation energies, when compared to semi-empirical wave function
theory methods. The tools used for implementation of the third order CEO at TD-DFT
level are detailed below.

An alternative approach to using CEO in the framework of TD-DFT is to use state
to state transition dipole moments calculated within TD-DFT, using second and third
order response functions, and implement them in the SOS formalism [23, 24]. Diffi-
culties that arise in the implementation of SOS are governed by the descrip-
tion/accuracy of the state to state transition dipole moments and excited state energies
predicted by DFT. Cronstrand ef al. and Kamada et al. present the possibility of using
few states models derived from SOS to calculate the 2PA cross-section and arrive at a
mechanism for 2PA [25, 26].

Of the compounds in Table 1, BzFDp and DpFDp have been previously studied
theoretically by Hales et al. using INDO-MRD-CI with geometries optimized with an
AMI1 semi-empirical Hamiltonian. All their calculations were carried out on isolated
molecules and showed a strong qualitative and quantitative agreement with experimen-
tally generated spectra [12]. The three-level model developed in their study provided
further insight into the mechanisms governing the nonlinear activity of 2PA active chro-
mophores in relation to the description of the molecular states. A second study carried
out by Day et al. implemented linear and quadratic response density functional theories
to calculate the photo-physical properties of D-n-A molecules including BzZFDp. Their
comparison of a two-state approximation and with calculation of 2PA via the SOS
method with the inclusion of higher energy states drew a conclusion that the inclusion of
higher energy states was necessary in the description of 2PA [27, 28].

In this contribution we obtain approximate state-to-state transition dipole moments

4., within a TD-DFT formalism by implementing the a posteriori Tamm-Dancoff

approximation (ATDA, introduced in Ref. [29]), as an approximation to second order
DFT, and employ them to identify the essential states governing the 2PA process. We

also validate ATDA results by using these 4 to evaluate the resonant 2PA cross-

sections with sum over state models (SOS) and compare them to CEO results as well
as experimental values.

2 Theory

Time-Dependent Density Functional Theory (TD-DFT) was recently combined with the
Coupled Electronic Oscillator (CEO) formalism to simulate 2PA electronic spectra in
large conjugated molecules [19, 30]. These and other 2PA predictions using TD-DFT
[31] were shown to achieve quantitative agreement with experiment and higher-level ab
initio predictions. In this contribution we also use an alternative Sum Over States (SOS)

approach, calculate state-to-state transition dipole moments ,uflm using the a posteriori
Tamm-Dancoff approximation and employ them to identify essential states governing
the 2PA process. We also validate ATDA by using these approximate ,u,’;m to predict

resonant 2PA cross-sections with the SOS model and compare them to CEO results as
well as experimental values.
In the 2PA-transition matrix approximation the 2PA cross-section is given by [25]:
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here g(2w) is the Lorentzian lineshape, and ,Llf,m are state-to-state transition dipole

moments. This ATDA/SOS approach opens new venues for interpretation of 2PA
properties in terms of molecular electronic structure and can be used for rational de-
sign of 2PA chromophores.

3 Computational Details

The chromophore molecules selected for this study are presented in Scheme 1. They
were derived from experimentally studied ones by truncation of the aliphatic chains to
methyl group. All molecular structures were optimized at HF/STO-3G theory level,
which favors planar geometry of conjugated molecules and was shown [31] to give
the best agreement for the bond lengths as compared to the results of X-Ray diffrac-
tion experiments for stylbene and its three derivatives. The optimized geometries were
confirmed by the absence of imaginary frequencies in the following normal mode
calculations. The single point energy and transition dipole calculations were per-
formed at the TD-B3LYP/MIDIXx level.

BzFBz BzPFPBz
HsC_ CHj HsC_ CHy
s s s S
B0 | R rio~A0
DpFDp BzFDp

WalaY Wada Yy
o O o | D
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Scheme 1. Structural formulas of the molecules studied
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Transition density matrices for the lowest 24 excited states, as well as Kohn-Sham
operators on these transition densities were printed out. Contributions of the second
and third derivatives of the exchange-correlation potentials into Kohn-Sham opera-
tors, and operators on the pair combinations of transition densities were neglected.
Commercially available computational program Gaussian98 [32] was modified as
described in previous studies [19] in order to enable this printout. The frequency-
dependent orientationally averaged first- and third-order polarizability tensors were
generated from the generated matrices using (1) and expressions implemented in CEO
program [33]. The habitual empirical linewidth of 0.1 eV was used for both 1PA and
2PA. To analyze the electronic structure of the excited states we used natural transi-
tion orbitals (NTO), which diagonalize the transition density matrix, and give the best
representation of the electronic excitation in single-particle terms [34]. Graphical soft-
ware XCrysDen [35] was used to plot NTOs.

4 Results and Discussion

We present 2PA resonant energies and cross-sections in Table 1. For two of the
molecules, the profiles obtained with both SOS and CEO formalisms are presented in
Fig. 1, along with linear spectra, and natural transition orbitals.

Table 1. Energies and cross-sections for the linear and 2PA absorbing states in the molecules
studied

State 2PAi:GM | AEyerica, | 2PAexp,GM | AEqy,, | Aexps
eV eV nm
BzFBz
S1 - 3.59 - 3.41 364
S4 324 4.28 437 4.27 290
BzFD
S1 65 3.08 73 3.21 387
S3 151 4.10 - - -
S4 151 4.12 - - -
DpFD
S1 - 3.38 - 3.10 | 400
S3 126 3.88 89 4.00 310
S5,6 - 4.01 - - -
S15 162 4.60 - - -
BzPFPBz
S1 - 3.06 - 3.08 403
S2 711 3.46 - - -
S4 - 3.99 - 4.00 310
S11 486 4.45 - - -
DpPFPBz
S1 154 2.83 162 3.24 383
S2 133 3.56 - 4.03 306
S6,7,8 445 4.25 - - -
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The SOS and CEO results (marked by solid lines on 2PA spectra in Fig.1) are in
excellent quantitative agreement with each other, which provides a validation for the
ATDA/SOS method. Predicted 2PA profiles also agree well with experimental ones.
Experimental measurements of their spectral properties were reported in [14-16, 36].
While for most molecules agreement between resonant maxima is better than 0.1 eV,
in the case of DpPFPBz theoretical bands are red-shifted relative to experimental
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Fig. 1. Structural formulas (top row), 1PA profiles (row 2), 2PA profiles (row 3), and isosur-

faces for natural transition orbitals (bottom row) for studied conjugated chromophores. Dia-

monds mark the experimental profiles; solid lines correspond to theoretical predictions with

SOS and CEO formalisms.
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ones by approximately 0.44 eV (55 nm). This can be explained by greater conforma-
tional flexibility of the longer conjugated chain, and blue shift of the absorption spec-
tra for non-planar conformations. Overall, agreement with experiment validates the
use of TD-DFT as a part of rational design strategies directed toward new and im-
proved two-photon absorbing materials.

5 Conclusions

We report theoretical study of five conjugated chromophores experimentally shown to
have large two photon absorption cross-sections. We use the third order response for-
malism within Time Dependent Density Functional Theory to calculate frequency-
dependent second order hyperpolarizability in both the sum over states and coupled
electronic oscillator formalisms to describe 2PA cross-sections. While CEO expressions
do not lend themselves easily to a qualitative analysis, SOS ones can be simplified to
essential state models and employed to identify 2PA resonant states and interpret the
relationships between electronic structure and 2PA profiles.

We also use Natural Transition orbitals to compare the electronic structure of the
linear and two-photon absorbing states. State to state transition dipole moments, nec-
essary for SOS expressions are calculated with the a posteriori Tamm-Dancoff ap-
proximation and used to describe two-photon processes. Numerical values of the
cross-sections obtained in SOS and CEO were found to be in good quantitative
agreement with each other. This is the first time that TD-DFT/CEO and ATDA-DFT/
SOS methods have been compared for the calculation of 2PA spectra. Both CEO and
SOS results are in good agreement with experiment. This validates the use of
TD-DFT as a part of rational design strategies directed toward new and improved
Two-Photon absorbing materials for bioimaging and optical data storage.
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Abstract. The charge recombination rate in DNA hairpins is investi-
gated. The distance dependence for the charge recombination rate be-
tween stilbene donor (Sd™) and stilbene acceptor (Sa™) linkers separated
by an AT bridge has a double exponential form. We suggest that this de-
pendence is associated with two tunneling channels distinguished by the
presence or absence of the Cl~ counterion bound to Sd™. Experiment-
based estimates of counterion binding parameters agree within reason-
able expectations. A control experiment replacing the Cl1~ ion with other
halide ions is suggested. Counterion substitution allows modification of
the charge recombination rate in either direction by orders of magnitude.

Keywords: DNA hairpin, charge transfer, counterions.

1 Introduction

Electronic excitation of DNA using various optical methods is important for
investigating DNA structure and biological function [I]. It also plays a funda-
mental role in a variety of DNA applications in nanotechnology which have been
extensively considered during the past decade [2], [3], [4], [5]. The first time-
resolved observation of charge transfer in DNA was made using stilbene capped
DNA hairpins (Figl) [6], which are used successfully in the investigation of DNA
electronic excitations and their kinetics. It is remarkable that hairpins with poly-
A poly-T bridges connecting stilbene acceptor (Sa) and donor (Sd) linkers (FigIl)
can possess extremely long recombination times for the charge separated state
Sa™ (AT),,Sd™ following Sa photoexcitation. Increasing the number of AT pairs
forming the bridge from n = 1 to n = 7 reduces the charge recombination rate by
eight orders of magnitude [7]. This interesting property of stilbene capped DNA
hairpins has potential for a variety of applications involving charge separation
such as solar cells [g].

Therefore, it is important to understand mechanisms of charge recombination
in DNA hairpins and investigate possible ways to control this process. This
requires understanding distance dependence of the charge transfer rate ().

G. Allen et al. (Eds.): ICCS 2009, Part II, LNCS 5545, pp. 189 2009.
© Springer-Verlag Berlin Heidelberg 2009
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Fig. 1. A hairpin with six AT base pairs and the stilbene linkers

2 Kinetics Model

In this paper, the charge recombination rate in poly-A poly-T DNA hairpins [6] of
lengths n = 1 to n = 7 is investigated. It is shown that the charge recombination
rate for AT bridges as a function of distance r between Sd™ and Sa~ has the
double exponential form

k(r) = ko [exp (=) + Cexp (=Far)] . (1)

In our investigation, we consider the hairpin in its environment of a dilute aque-
ous solution of NaCl. In our model, we propose that this double exponential
behavior is associated with two distinguishable charge separated states for the
hairpin. State 1 is the state where Cl~ is attached to SdT and state 2 is the
state where Sd¥ is isolated, that is where Sd™ only has water molecules nearby.
Let A denote the energy difference between states 1 and 2, with the phase vol-
ume {2 >> 1 for state 2, as Cl™ is dilute in water. Let P, and P, represent the
probabilities of the hairpin occupying states 1 and 2 respectively. Consider time
t = 0 as the time of hole arrival at Sd.

The time evolution of these two probabilities is determined by two processes
including hole recombination with rates k1 and ko from states 1 and 2 respec-
tively and fluctuation of the system between states 1 and 2 with rates wis and
wop for transitions 1 — 2 and 2 — 1 respectively. Rates w12 and ws; char-
acterize the process of counterion dissociation and association respectively. For
thermal equilibrium probabilities P and Ps, they must satisfy the detailed
balance principle

Pl*w12 = P2*w21 . (2)

As P, is the probability that the Cl~ counterion is not bound to Sd*, we can
express the ratio of probabilities P»/P; as C, where

C = Qexp(=A/ksT) , 3)
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so that
w12 = Cw21 . (4)
The time dependence of P, and P; is determined by the rate equations
dP
d—tl =~k Pl — w2 P +wo P
P, (5)
o —ko Py — wa1 P> + w12 Py .

An experimentally observable parameter is survival probability P(t) = P;(t) +
Py(t). Its time decay characterizes the recombination rate.
The solution to (@) is

() -#Q) s s)ra o

where

a=wiz/(=A1 + k2 +w21) X

b=wiz2/(—A2 + ko +wa1) .
The decay rates A\; and A2 are the solutions to the characteristic equation for (&)
and constants fi; and fo are determined by initial conditions P;(0) and P»(0),
where the survival probability P(0) = P;(0) + P»(0) = 1. A1, A2, f1 and fo are
determined to be

wiz +wa1 + k1 + k2 (—wi2 + wa1 — k1 + k2)?
AL = 5 — 1 + wo1w12

— — 2
Ay = wig + wo1 + k1 + ko + \/( wiatwm = ¥ k) + wai1wi2
D) 4
and
_ B(0) —aPi(0)
fh=—F"7""F7"7—
a—1b 9)
P5(0) — bPy(0)
fo=——"—7—
a—2>b

Now we assume recombination is slow; that is k1, ko < w12 + wo1. Indeed, using
the diffusion rate D ~ 10~°cm? /s [9] and assuming that a counterion moves by
random jumps of 1A, one can estimate that during the minimum recombination
time of 10 ns the counterion jumps approximately 1000 times, which should be
sufficient for the ion to access the bound state near the Sd* group as [C17]~0.1M
(about 1 chloride ion per 500 water molecules). Thus the equilibration rate w =
w12 + wso1 should exceed the hole recombination rates.
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Using our assumption, we can approximate the decay rates A; 2 via Taylor
expansion by the lowest order in ky 2/w as

wizka + worky
w12 + wa1 (10)
A2 & wig + woy -

/\1%

With this approximation, the solution of (&) reads

() = 20+ Patop (2227172 22 Y ey

Pt w2/ (w12 + war)
+P1 (0)@[)12 — P2 (O)U}Ql ( 1
w12 + wa1

1) exp(—Aat) . (11)
It follows that the derived survival probability can be expressed as

P(t) = Pi(t) + Pa(t) =~ exp(—At) . (12)
Thus the observed decay rate can be well approximated by

A = wizks + warky . (13)
W12 + Wa1
Taking A; = k, (@) follows directly from @) and ([I0) as the thermodynamic
average of the two state recombination rates. §; and (2 are taken to be the
experimentally derived values 0.97A~! and 0.42A~" respectively [7].

A Hiickel model is used to describe charge tunneling from Sd* to Sa~ [10],[11].
This model should be reasonably relevant in the tunneling regime despite polaron
formation and possible environmental fluctuations which can reduce the energy
barrier. We can then determine the electron overlap integral b for adjacent AT
base pairs. We assume that the thermal equilibrium of the counterion and the
Sd™ ion is established before recombination begins. This is justified by the large
diffusion rate of counterions in water: D ~ 10~%cm?/s (see [9]).

According to our model, @) is the probability that counterion Cl~ is not
bound to the Sd* group, where A is the binding energy and kgT = 0.026eV is
the thermal energy at room temperature. Experiments [7] were performed in a
0.1M aqueous solution of NaCl. The prefactor {2 can be estimated as the ratio of
water molecules per chloride ion, so that (2 ~ 556. The error of this estimate is
assumed to be less than an order of magnitude so we can consider 10% < 2 < 103.
Lower and upper boundaries for {2 will be used to estimate the accuracy of our
estimate of the binding energy A. Solving (B with the probability C taken from
experimental data [7] (see (), one finds

0.36eV < A < 0.42¢eV . (14)

This estimate is within the range of typical counterion binding energies [12], [13].
In the next step, a relationship is derived between energies F; and E5 of the
Sd* linker in the presence and absence of Cl™ respectively, and corresponding
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Fig. 2. Stilbene capped hairpin; charge recombination channels

tunneling exponents 3; and B2 in (). The energy of an isolated (AT)™ is set to
zero. F/y < E5 implies that
Ey=FE +A. (15)

One can establish a clear relationship between energy and the tunneling expo-
nent. This relationship involves the electron transfer integral b responsible for
charge tunneling between adjacent AT base pairs, shown in Figl2l It can be
written as [10]

2bcosh(f;a/2) = E;,i=1,2, (16)

where a = 3.4Ais the distance between adjacent base pairs.

This relationship can be derived as follows. The tunneling rate through n
AT pairs (cf. [0)) is determined by the exponential tail of the positive charge
wave function k, ~ 2. Here v2 is the probability of finding the charge at
the nth base pair. The wavefunction of the charge under the barrier decreases
exponentially with the base number as 1,, ~ exp(—xn), while the charge transfer
rate decreases exponentially with the bridge length as exp(—fBan). Comparing
the two exponents, we have k = a/2. Equation (I6]) results from the discrete
Schrédinger equation [10]

Eq/}n = _b(wn—l + wn—i-l) (17)

if the exponential n dependence for 9, is assumed as above ( 1, ~ exp(—kxn)).

Using (), (I5) and ([I8]), one can evaluate the electron transfer integral and
the energies of SdT in the absence or presence of C1~ as b = 0.134£0.01eV, E; =
0.73 & 0.06eV and Fy = 0.34 + 0.03eV. It is remarkable that the estimate for
the electron transfer integral b agrees very well with the calculations of Voityuk
and coworkers [14] for the coupling of adjacent thymine bases, but differs from
the estimate for intrastrand coupling of adjacent adenine bases by a factor of 3.
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In principle, based on the ionization potentials of DNA bases calculated in a
vacuum [I4T5/T6], one should expect that the hole tunnels through the adjacent
adenine bases rather than the thymine bases because the adenine ionization
potential is lower by about 1eV. However, the real situation is complicated by the
dissolution of DNA in water, which can affect ionization potential. Furthermore,
tunneling is also very sensitive to bridge fluctuations [I7]. The analysis of other
experimental data for charge transfer through AT bridges of various lengths [I§]
can also be successful when only assuming electron transfer integrals to exceed
ab initio estimates for them.

It is not quite clear to us as to why there is no observation of thermally
activated recombination for (AT), bridges up to n = 7 in contrast to Ref.[I§].
A possible explanation of this behavior is edge effect, which does not affect
tunneling, but can be crucially important for thermally activated transport. For
instance, the energy of the AT™ state of an AT pair adjacent to an Sd linker can
be larger than the energy of other AT pairs due to its electrostatic interaction
with Sd. This difference can increase the activation energy of the first hopping
step thus suppressing the hopping channel.

Another reason can be the difference of charge recombination [7] with charge
shift reactions [15]. For example, the investigation of charge recombination in
DNA hairpins using naphthaldimide and phenothiazine as acceptor and donor
separated by various AT bridges [I9] exhibits behavior similar to Ref.[7]. Indeed,
a tunneling exponent 3 = 0.40A~" was reported for charge recombination across
4-8 AT base pairs. The small preexponential factor [19] (10%s~!) compared to ko
in () can be due to the fact that charge recombination for 4-8 base pairs also
occurs without associated counterions.

3 Discussion

Our model can be verified in a number of ways. One way is to change the NaCl
concentration. According to (), the reduction of NaCl concentration by a factor
of ten will increase the recombination rate tenfold for long AT bridges (n > 4).

A more interesting experiment is to replace chloride ions with other coun-
terions, for instance F~, Br~ or I”. The binding energy should decrease with
increasing the ionic radius. Crude estimates in Table[I] were made assuming that
the binding energy Ax of counterion X is inversely proportional to ionic radius.
This estimate ignores the contribution of water to binding energy and thus un-
derestimates possible changes in recombination rates for different counterions.
We used the same values for the electron transfer integral b, energy Es of the
Sd* state in the absence of a counterion (and, consequently, exponent 3) and
the phase volume factor {2. The last column in Table 1 shows the recombina-
tion rate for the longest bridge of seven AT pairs. For the smallest ion F~ the
recombination time is as long as 3.33 s.

In order to substantiate our hypothesis about counterion attachment to the
Sd group and the ionic radius effect on counterion binding energy, we performed
very preliminary calculations of binding energies for various halide anions with
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Table 1. Approximate parameters of recombination rates controlled by different
counterions (see Eq.(d)), B2 = 0.42A~!

X |DFT Energy (eV)|Ax (eV)[g1 (A7T) C kr (s71)
F 7.55 0.56 1.14 [271x1077| 0.3
Cl 4.08 0.41 1.03 [8.02x10~°[ 88
Br 4.42 0.38 1.01 [2.68 x 10~*] 293

I 3.88 0.34 0.97 [1.31 x 1073] 1436

the Sd* group as shown in Table [l Calculations were performed in a vacuum;
therefore, all energies are overestimated. Calculations in an aqueous solution are
currently in progress. The calculations were performed using density functional
theory and the B3LYP/3-21G basis set. It is obvious that energies differ from
our expectations by a factor of 10 which is a consequence of the absence of
Coulomb interactions with water. However, the data trend has a reasonable
correlation with our expectation. Moreover, the modeled binding energy of F~
ion is greater than for ClI~ as compared to our expectations for these ions which
leads us to expect that the charge recombination rate should be even slower than
we predicted compared to the present case of C1~ ions.

It may seem odd that the binding energy for Br~ is slightly larger than that
for C17. This anomaly in the trend of decreasing binding energy of the system
with increasing ionic radius of the halide counterions can possibly be understood
when considering their electron affinities. We see that the electron affinity of the
chloride ion is larger than for the other halide ions. The partial charge in chloride,
approximately —0.405C, is twice as high than for other halides; therefore, it has
a minimum covalent bond strength which reduces the binding energy compared
to our expectations. A similar trend was reported in [20].

4 Conclusion

It is shown that the complicated double exponential recombination kinetics in
DNA hairpins can be interpreted assuming that this process is controlled by the
binding of a counterion. Key experiments are suggested to verify our theory and
to control the recombination process by varying counterions.
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Abstract. In the present article, we use the density matrix evolution method to
study the effect of a model solvent on the vibrational spectrum of a diatomic
solute particle. The effect of the solvent is considered as a perturbation on the
Hamiltonian of the quantum subsystem consisting of a harmonic oscillator. The
bath particles are treated classically. The perturbation potential representing
the interaction between the solute and the solvent is represented in a bi-
exponential form. This provides an effective way to evaluate the required ma-
trix elements needed to compute the evolution of the density matrix. The model
calculations indicate that the repulsive parts of the potential dominate causing
blue shifts in the vibrational frequencies.

Keywords: Density matrix evolution, vibrational spectrum, quantum harmonic
oscillator, bi-exponential perturbation potential, Hellmann-Feynman force,
Runge Kutta method, molecular dynamics, bath particles.

1 Introduction

A study of the effects of solvents on the electronic and vibrational structure and
dynamics of molecules has interested chemists for a long time. In recent years, the
effect of solvation dynamics on the dynamical behaviour of molecules has been
studied experimentally as well as theoretically. In theoretical approaches, one often
separates the small molecular system from the bulk or the solvent and is able to treat
the two subsystems using methods most appropriate to represent the physical condi-
tions. It is very common to treat the molecular system quantum mechanically and the
solvent classically and suitably treat the interaction between the two [1-5]. Several
approaches have been used to address the problem, such as the wave packet propaga-
tion method, the Car Parrinello method, the path integral method and the density
matrix evolution (DME) method. While each method has its advantages, we use
the density matrix evolution method in the present work. Our specific interest is in
the effect of the solvent structure on vibrational spectrum of a diatomic oscillator.
The red and blue shifts in the spectrum have been of significant interest for quite
some time [6, 7]. An effective numerical method to obtain the time dependence of
the density matrix has been developed by Berendsen and coworkers [8-10]. The
method is outlined in the next section. The results are presented in Section 3 fol-
lowed by conclusions in section 4.
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2 The DME Method and the Model Potential

In the DME method, the Liouville-von Neumann equation for the density matrix is
numerically solved to obtain the elements of the density matrix as a function of time.
The time-dependent wavefunction of the quantum sub-system is expanded in terms

of a suitably chosen orthogonal set of M basis functions @, .

Y(END=D c,(1)8,(E) (1)

The coordinates of the quantum subsystem are denoted by & and the time evolution
of the system is studied in terms of the time dependent coefficients ¢ (¢). In Equation
(1), M is the number of basis functions of the harmonic oscillator and we have taken
the first 5 harmonic oscillator wavefunctions in our study. The elements of the M X M

hermitian density matrix 0,

are defined by

*

pnm = cn cm (2)

The diagonal elements of the density matrix give the populations of the levels and
the off diagonal elements contain the phase information. The Liouville- von Neumann
equation for the density matrix is given by

dp i
——=—(pH-Hp) 3)
dt h

In the absence of the solvent, the Hamiltonian is H’. The presence of the solvent

perturbs the system and the perturbed Hamiltonian is given by

H=H"+H’ )

The unperturbed matrix elements can be evaluated analytically while the perturbed
matrix elements have to be evaluated by appropriate expansion of the potential. The
effect of the solvent particles on the quantum subsystem is incorporated through H in

Equation (4). The total matrix element is obtained by summing over all the N parti-
cles of the solvent.

N
H,, =Y (nlH Im) (5)
i=l

Here, H l’ represents the interaction between the i th classical particle and the quan-

tum subsystem [8-10].

The dynamics of the solvent is governed by the classical equations of motion and
the quantum subsystem contributes an additional term to the forces on the solvent
particles through the Hellmann-Feynman force [11] term which is given by

=(n|—%—Hlm) (6)
u

nm,u
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where u represents the directions x, y and z respectively. The total force acting on the

classical particle due to the quantum subsystem FuQ is

E? =Tr(pF,) (7)

Here, Tr represents the trace. Similarly, the vibrational energy of the quantum subsys-
tem is given by

E° =Tr(pH) (8)
The total force on the classical particle is given by
N JV,.
F =F’-Y —~ ©)
i Ju

For the quantum subsystem, we choose a harmonic oscillator with the potential,
|y
Vig)=2ks (10)

where & = x, — x, .
The oscillator is kept fixed on the x axis with the two particles of the oscillator lo-

cated at x, and x, respectively and is surrounded by an atomic solvent wherein the
particles interact via a Lennard-Jones (L.J) potential.

V(r)=4€[(gj —(2) ] an
r r

The interaction between the solvent particles and the atoms constituting the oscilla-
tor are represented by a bi-exponential function

V(r)=Ae " +Ce™" (12)

The values of A, b, C and d and the graph of the above two potentials are given
below. This is necessary because, if we use the LJ potential in Equation (6), the
matrix elements will diverge since the integration in Equation (6) includes the small
values of r as r goes to zero. The matrix elements for the force in Equation (6) are
obtaining by expanding the perturbation potential V (r) in terms of the vibrational
coordinate & and the coefficients which depend on the distance between the location
of the oscillator atoms and the solvent particles [8-10]. The integrations of the
equations of motion for the density matrix are done by using the fourth order
Runge Kutta method [12].

3 Results and Discussion

We treat the quantum subsystem as a diatomic oscillator oscillating with the fre-
quency of Cl,. The two chlorine atoms are placed on the x-axis of a periodic box of
length 16 A containing solvent particles interacting with an LJ potential with o = 3.4
A and £ /k = 120 K. The CI atoms and the solvent particles also interact with a similar
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potential, except that this potential is expressed in the form of Eq. (12) with the pa-
rameters A = 1.8025 x 10 " J/mol, b = 5.0081 A, C = - 25875.225 J/mol and d =
0.8513 A which preserve the important features of the LJ potential given in (11).

s 4

Mol )

E {10

LJ Potential
Fitted Potential — —

Fig. 1. The Lennard-Jones potential and the fitted bi-exponential function

Table 1. The frequencies of diatomic Cl, at various solvent densities. The reduced density is

po” is shown in the first row. The oscillator frequencies at two solvent temperatures are shown
below the corresponding densities.

Cl, (1000K)

Reduced Density 0.154 0.308 0.616 0.770 0.925
po’

Frequencies ( cm'l) 559.0 559.5 560.5 561.5 562.5

Cl, (500K)

Frequencies ( cm'l) 559.0 56 0.5 561.5 563.5 565.5
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The expectation value of § is calculated at each time step and its Fourier transform
of this expectation value is obtained to obtain the vibrational frequency in the solvent.
The production runs extend up to 100 ps with a time step of 0.1fs. We also compute
the solute solvent and the solvent solvent radial distribution functions, but these are
not reported here as our main interest is in the frequency shifts of the diatomic. The
frequencies at various densities of the solvent are given in Table 1. Higher solvent
temperatures are chosen so that during the simulations, different elements of the den-
sity matrix get significantly populated. At room temperature, the populations of all the
elements of the density matrix except p,, and p,, do not develop significant popula-
tions [13, 14].

4 Conclusions

We have calculated in the present article the vibrational frequencies of a diatomic in
the presence of a model solvent at various densities. The method used herein implies
an implicit separation between the vibrational motion of the oscillator and the transla-
tional motion of the solvent. The model LJ potential between the solvent and the
atoms of the oscillator was written as a sum of two exponentials so that the matrix
elements required to evaluate the time evolution could be easily computed. We ob-
serve that in our simulations at various solvent densities, there is a predominant blue
shift in the oscillator frequencies. As has been observed by several earlier investiga-
tors, the major components that contribute to the frequency shifts are the attractive
and repulsive parts of the potential, the solvent density and the changes in the equilib-
rium bond length of the oscillator as a function of solvent density. In earlier calcula-
tions [6, 7], red shifts have been observed at low densities of the solvent. At higher
densities, there was a blue shift in the spectrum. We observe that when the potential
well is made deeper by increasing the well depth, there are red shifts in the spectrum
in the low density regions. When the frequency of the oscillator was increased (to
represent molecules such as N,), the solvent effects on the oscillator frequency are
larger. Red shifts also appear at lower solvent densities. We think that it should be
possible to obtain the full density dependence of the vibrational spectrum without
using a model potential in which the equilibrium bond length of the quantum oscilla-
tor is density dependent [6]. Work is in progress in this direction.
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Abstract. The interactions between carbon monoxide and small clus-
ters of silver atoms are examined. Optimal geometries of the cluster-
molecules complexes, i.e. silver cluster - carbon monoxide molecule, are
obtained for different sizes of silver clusters and different numbers of car-
bon monoxide molecules. This analysis is performed in terms of different
binding energy of these complexes and analysis of the frontier orbitals of
the complex compared to those of its constituents. The silver atom and
the dimer (Agz) bond up to three carbon monoxide molecules per Ag
atom, while the larger clusters appear to saturate at two CO’s per Ag
atom. Analysis of the binding energy of each CO molecule to the clus-
ter reveals that the general trend is a decrease with the number of CO
molecules, with the exception of Ag where the second CO molecule is the
strongest bound. A careful analysis of the frontier orbitals shows that the
bent structures of AgCO and AgoCO are a result from the interaction
of the highest occupied orbital of Ag (5s) and Ags (o) with the lowest
unoccupied orbital of CO (7*). The same bent structure also appears in
the bonding of CO to some of the atoms in the larger clusters. Another
general trend is that the CO molecules have a tendency to bond atop of
an atom rather than on bridge or face sites. These results can help us
elucidate the catalytic properties of small silver clusters at the atomic
level.

1 Introduction

Studies directed at understanding the interaction of metal clusters with
molecules remain the subject of active theoretical and experimental studies [IJ.
The recent shift in the focus of enquiry from the study of the structural and
electronic properties of single-component metal clusters to the study of the in-
teraction of metal clusters with molecules is driven in large part by the potential
use of metal clusters in heterogeneous catalysis. Clusters have been long known
to show size-specific physical and chemical properties that are often at odds
with their bulk properties. This size-specific behavior is evident in the catalytic
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properties as well, leading to highly reactive clusters whose catalytic behavior is
at odds with their bulk counterparts. For example, it has been known for some
years now that gold nanoclusters supported on metal oxides such as TiO5 can
efficiently oxidize carbon dioxide at fairly low temperatures [2]. More recently,
the eight atom gold cluster supported on an MgO substrate has been shown to be
the smallest clusters capable of catalyzing the oxidation of carbon monoxide [3].

The situation for silver clusters is less conclusive. In the bulk and the near bulk
regime of several micrometers, silver plays a unique role that is not replicated
by any other transition metal in the selective oxidation of ethylene into ethylene
oxide, a widely-used industrial catalytic process [4]. Yet, little is known about the
details of the mechanism of the oxidation reaction at an atomistic level. There
is significant progress of late in experimental techniques that can be used to
soft-land clusters on to substrates to perform precise size specific investigations
to study the size-specific chemical reactivity of clusters and consequently their
catalytic properties. Likewise, advances in first-principles theoretical methods
such as density functional theory and quantum chemistry techniques provide
another direct route to studying the chemical properties of the clusters at an
atomistic level. Since it is as yet unclear as to whether silver clusters exhibit
the catalytic oxidation of CO like gold clusters do, it is perhaps not surprising
that several theoretical [BI6JTI8I9] and experimental [9IT0] investigations have
attempted to address the interaction of silver clusters with O2 and CO in an
attempt to study the fundamental cluster-molecule interaction as the first step
towards understanding the larger question of the role, if any, of silver clusters in
the catalytic oxidation of CO.

In this paper, we examine the interaction of small silver clusters (Ag,, 1 <
n < 4) with one or more CO molecules. The ground (2S) state of the Ag atom
is well-separated first excited (2D) state, the d orbitals are localized relative to
the 5s orbitals and bonding in the silver clusters is dominated by the 5s elec-
trons. It is not surprising therefore that silver clusters display structural and
electronic properties that are quite similar to those of alkali metal clusters. The
geometric and electronic properties of pure silver clusters have been well studied
[ITUT2UT3IT4] and the candidates for the lowest energy structures in the size range
of n < 10 that is of interest to us are well-elucidated. We study the interaction
of the cluster molecules system under the framework of the generalized gradient
approximation of the density functional theory. The functionals used in the cal-
culations presented in this paper combine Becke exchange functional [I5] with
the Perdew-Wang [16] correlation functional as implemented inGaussian 03 [17].
A 28-electron core ([Ar]3d10) effective core potential is combined with con-
tracted Gaussian-type orbitals for the remaining 19 electrons for the Ag atoms
[18]. Carbon and oxygen atoms are represented by the DGTZVP[IJ] all-electron
basis sets as implemented in Gaussian 03 [I7]. The selection of pseudopoten-
tial and exchange-correlation functionals was made to compare with previous
results on the bare clusters as reported in ref. [T4] and the choice in that refer-
ence was based in tests to reproduce the properties of Ag, Ago and Ags. The
DGTZVP was chosen to reproduce the experimental binding energy of CO. The
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equilibrium structures were obtained using gradient-based methods. The opti-
mizations were performed in all degrees of freedom. Normal mode analysis was
performed to determine whether a structure was a minimum or a saddle point
in the potential energy surface of the cluster. The starting point was the bare
silver cluster structures of ref. [I4]. CO molecules were added until saturation
was reached. The saturation was 3 CO molecules per Ag atom for the Ag and
Agy. Ags and Agy bonded 2 CO molecules per silver atom. The bonding of CO
to the cluster is analyzed in terms of the binding energy of CO to the clusters.

2 Results
2.1 Bare Silver Clusters

In this subsection we briefly review the properties of small silver clusters as
obtained in the previous study of Srinivas et al. [14]. In Fig. 1 we present the
lowest energy isomers of Ag,, n =1 -4, and their respective binding energies as
obtained in ref. [I4] and confirmed by our current results. Agy is a rhombus
rather than a tetrahedron which is a common form for tetramers of other ele-
ments. A 3-dimensional form will only form for neutral silver clusters containing
7 or more atoms[I4]. The binding energy in the range of n< 10 increases, non-
monotonically, with the number of atoms in the cluster. In this work we will
restrict ourselves to the smaller size clusters (n<4) as we are more interested
in understanding the binding mechanism of carbon monoxide to the bare and
CO-rich silver clusters.

Dooh C2v D2h
TN
° Q=0 / \ 4 /)
0.803 ev/atom 0.779 eV/atom 1.043 ev/atom

Fig. 1. Structure of the most stable isomer of Ag,, n =1—4

2.2 Agn(CO),

To understand the mechanism and the energetics of the bonding of CO to small
silver clusters we begin with the structures presented in Fig. [[l and add CO
molecules until they no longer bond to the clusters. This determination is made
when the binding energy of the last CO to the previous cluster is negative or zero.
In Fig.2lwe present the structure of Ag(CO),, z = 1—3. One can see that in both
AgCO and Ag(CO)2 the CO molecule is bent with respect to the Ag-C bond. A
careful analysis of the frontier orbitals of both the Ag atom and dimer and of CO
shows that the 7* orbital of CO tends to align with the 5s orbital of Ag or the o
orbital of Ags, resulting in the bent structure of Fig. 2l In the following analysis
we will consider the binding energy of the CO to the complex Ag(CO),_1 as
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Cs C2v D3h
0.276 eV/CO 0.448 eV/CO 0.447eV/CO

Fig. 2. Structure of Ag(CO),, x = 1—3. For each structure we present the point group
symmetry and the corresponding binding energy per CO ligand. The silver atoms are
light grey, the C atoms dark grey and the O are red.

0.540eV/CO 0.500eV/CO 0.408 eV/CO
Dy C, D3y

0.368 eV/CO 0.351eV/CO 0.342eV/CO

Fig. 3. Structure of Ag2(CO)y, © = 1 — 6. For each structure we present the point
group symmetry and the corresponding binding energy per CO ligand.

BE(last CO) = E(CO)+E(Ag(CO),,—1)-E(Ag(CO),). Using this energy we can
determine the relative stability of the complex as CO molecules are added. The
binding energy of CO to Ag is relatively weak, for the first CO it is about 0.276
eV, it increases for the second CO to 0.619 eV, and then decreases again to
0.446 eV when a third carbon monoxide is added. This explains why the binding
energy per CO defined as BE(CO) = [nxE(CO)+E(Ag(CO))-E(Ag(CO),)]/n
reported in Fig. @l for Ag(CO)y and Ag(CO)s are nearly the same. A fourth
CO did not bond to the cluster. Ag(CO)3 is very symmetric, belonging to the
D3sh point symmetry group. This suggests, that although the third CO is weakly
bonded, each Ag atom can bond up to 3 CO’s.

In Fig. Bl we display the Ags(CO),, = 1 — 6, indicating again that although
a weakly bonded system, each Ag atom can bond up to 3 carbon monoxide
molecules. Just as discussed in the previous paragraph, in all the cases studied
for Ago the O atom is not in the same line as the Ag-C bond. A careful analysis
of the frontier orbitals once again show us that this is a result of the interaction
of the 7* orbital of CO with the orbitals of Ag. The cluster becomes less stable
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upon addition of CO. However, the smallest binding energy of CO to Agy is still
comparable with the binding of a single CO to the Ag atom.

The structures of the Ags(CO),, x = 1 — 6 are displayed in Fig. @ The
first thing to note is that in Ags(CO) and Ags(CO)s the top CO is in perfect
alignment with the Ag-C bond. In this case the orbitals that interact are the 7*
of CO with a w-like orbital of Ags. However, this trend is not followed for all
single CO bonded to Ag, as one can see in the case of Agz(CO)s. Ags bonds
up to 2 CO’s per Ag atom, something that can be explained by the extra Ag-
Ag bond. A possibility of binding 3 CO’s per Ag atoms would be as a linear
Ags backbone and each Ag(CO)s stacked in a staggered fashion, as a sandwich
cluster. This structure demonstrated to be unstable and we don’t think larger
sizes will be stable. The binding energy per CO molecule shows a decreasing
trend, but like in the case of Ags, the strength of the weakest CO-Ag bond in
Ag3(CO)g is comparable to the Ag-CO bond in AgCO. In Ags(CO)5 the 2 CO’s
bonded to a single Ag atom are perpendicular to the plane of the molecule. While
in Agsz(CO)g the last two CO’s are in the same plane as Ags. One can reason
that these are steric effects that will tend to minimize the repulsion between the
CO molecules.

The last set of structures studied in this work is displayed in Fig. B Both
Ag,CO and Agy(CO)q have the CO molecule aligned with the Ag-CO bond.
The explanation is very similar to the one for the case of Ags. But, due to the
higher symmetry of Agy the second CO bonds in the same fashion as the first.
Each Ag atom will bond a single CO atoms before a second CO will bond to
it. This was the trend for the smaller sizes as well. Ags(CO)s has a very similar
structure to Agz(CO)g, it consists of two pair of CO molecules bonded in the
plane perpendicular to Agy and two pairs that are parallel to its plane. In the
cases explored in this work not a single CO bonded in a face or a bridge site, a
fact that can attributed to both the frontier orbitals of CO and Ag,,.

C2v
0.858 eV/CO 0.744 eV/CO 0.650eV/CO
C2v C2v
),
0.643eV/C 0.496eV/CO 0.442eV/CO

Fig. 4. Structure of Ags(CO)s, © = 1 — 6. For each structure we present the point
group symmetry and the corresponding binding energy per CO ligand.
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0.829eV/CO

0.513eV/C

D2h

0.795eV/CO  0.648eV/CO 0.575eV/CO

0.461eV/CO 0.430eV/CO 0.407eV/CO

Fig. 5. Structure of Ag4(CO)z, x= 1—38. For each structure we present the point group
symmetry and the corresponding binding energy per CO ligand.
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Fig. 6. The binding energy of CO (per CO ligand) to Agn, N = 1 — 4. The binding
energy is computed as BE(CO) = (z x E(CO) + E(Agn) — E(Agn(CO)z)/x.

In Fig. [6l we present the binding energy per CO to Ag,, n = 1—4 as a function
of the number of CO molecules bonded to the cluster. This quantity is a measure
of the stability of the cluster upon addition of ligand molecules. The first thing
we learn from Fig. [f] is that the binding energy of CO to Ag, increases with
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cluster size. However, as more CO molecules are added the binding energy for
all the sizes seem to decrease to approximately the same value. The data in the
figure also allow us to conclude that the only case in which the system becomes
more stable upon addition of more CO molecules is the Ag atom. This might be
understood in terms of the orbitals that are responsible to the formation of the
carbon-silver bond. Ags, Ags, and Ag, all become less stable upon addition of
carbon monoxide. As a consequence at high temperatures one might only observe
AgnCO. Nevertheless, in low temperature conditions or in clusters deposited on
a substrate there is a possibility that these CO-rich clusters might form and play
a role in the reactions involving carbon monoxide.

3 Concluding Remarks

In this work we studied the structural properties and the interaction of carbon
monoxide with silver clusters. We conclude that low coordination Ag atoms can
bond up to 3 CO’s, being the last CO molecule only weakly bonded. Analysis of
the frontier orbitals explains why in many cases that CO molecule is not aligned
with the Ag-C bond. The binding energy per CO molecule decreases with the
number of CO molecules bonded to the cluster, the only exception is the Ag
atom where the second CO molecule is more strongly bonded than the first.
Steric effects explain the structure of the saturated clusters. Ags(CO)g consists
of two Ag(CO)3 structures staggered in a D3d arrangement. While Ags(CO)g
has two pairs of CO molecules bonded perpendicular to the plane of Ags and
the 3rd pair is parallel. A similar situation is seen in Agy(CO)g where two pairs
are perpendicular and two pairs are parallel to the plane of Agy.

We speculate that the likely saturation of the planar Ags and Agg clusters to
be 10 and 12 pairs of CO molecules bonded in patterns similar to the ones for
Ags and Agy. On the other hand, for the tridimensional structures the saturation
point may be a single CO molecule per surface atom due to their higher coor-
dination. Future work will be to extend this work to larger size clusters and to
explore the electronic properties of neutral and charged clusters. In addition, we
would like to explore other ligands and study catalytic properties of small silver
clusters in the gas phase as well as of silver clusters deposited on a substrate.

Acknowledgments

We would like to acknowledge the financial support from a NEIU COR grant.

References

1. Ervin, K.M.: Metal-ligand interactions: gas-phase transition metal cluster car-
bonyls. Int. Rev. Phys. Chem. 20, 127-164 (2001); Bernhardt, T. M.: Gas-phase
kinetics and catalytic reactions of small silver and gold clusters. Int. Jour. Mass.
Spec. 243, 1-29 (2005); and references therein

2. Valden, M., Lai, X., Goodman, D.W.: Onset of Catalytic Activity of Gold Clusters
on Titania with the Appearance of Nonmetallic Properties. Science 281, 1647-1650
(1998)



210

3.

10.

11.

12.

13.

14.

15.
16.
17.
18.

19.

P.H. Acioli et al.

Yoon, B., Hikkinen, H., Landman, U., Worz, A., Antonietti, J.-M., Abbet, S.,
Judai, K., Heiz, U.: Charging Effects on Bonding and Catalyzed Oxidation of CO
on Au8 Clusters on MgO. Science 307, 403—407 (2005)

. Carter, E.A., Goddard III, W.A.: Chemisorption of oxygen, chlorine, hydrogen, hy-

droxide, and ethylene on silver clusters: A model for the olefin epoxidation reaction.
Surf. Sci. 209, 243-289 (1989)

. Boussard, P.J.E., Seigbahn, P.E.M., Svensson, M.: The interaction of ammonia,

carbonyl, ethylene and water with the copper and silver dimers. Chem. Phys.
Lett. 231, 337-344 (1994)

. Zhou, J., Li, Z.-H., Wang, W.-N., Fan, K.-N.: Density functional study of the

interaction of carbon monoxide with small neutral and charged silver clusters. J.
Phys. Chem. A 110, 7167-7172 (2006)

. Jiang, L., Xu, Q.: Infrared Spectra of the (AgCO)2 and Ag,CO (n = 2-4) Molecules

in Rare-Gas Matrices. J. Phys. Chem. A 110, 11488-11493 (2006)

. Giordano, L., Vitto, A.D., Pachionni, F., Ferrari, A.M.: CO adsorption on Rh, Pd

and Ag atoms deposited on the MgO surface: a comparative ab initio study. Surf.
Sci. 540, 63-75 (2003)

. Bernhardt, T.M., Socaciu-Siebert, L..D., Hagen, J., Wéste, L.: Size and composition

dependence in CO oxidation reaction on small free gold, silver, and binary silver-
gold cluster anions. Appl. Catal. A 291, 170-178 (2005)

Hagen, J., Socaciu-Siebert, L.D., Le Roux, J., Popolan, D., Vajda, S., Bernhardt,
T.M., Woste, L.: Charge transfer initiated nitroxyl chemistry on free silver clusters
Ags_s: Size effects and magic complexes. Intl. J. Mass. Spectr. 261, 152-158 (2007)
Bonacic-Koutecky, V., Cespiva, L., Fantucci, P., Koutecky, J.: Effective core
potential-configuration interaction study of electronic structure and geometry of
small neutral and cationic Ag, clusters: Predictions and interpretation of measured
properties. J. Chem. Phys. 98, 7981-7994 (1993)

Kaplan, I.G., Santamaria, R., Novaro, O.: Theoretical-study of the geometric struc-
tures and energetic properties of anionic clusters - Ag;, (n=2 to 6). Int. J. Quant.
Chem. Symp. 27, 743-753 (1993)

Poteau, R., Heully, J.-L., Spiegelmann, F.: Structure, stability, and vibrational
properties of small silver cluster. Z. Phys. D. 40, 479-482 (1997)

Srinivas, S., Salian, U., Jellinek, J.: Theoretical Investigations of Silver Clusters
and Silver-Ligand Systems. In: Russo, M., Salahub, D.R. (eds.) Metal-ligand inter-
actions in chemistry, physics, and Biology. Kluwer Academic Publishers, Dordrecht
(2000)

Becke, A.D.: Density-functional exchange-energy approximation with correct
asymptotic-behavior. Phys. Rev. A 38, 3098-3100 (1988)

Perdew, J.P., Wang, Y.: Accurate and simple analytic representation of the
electron-gas correlation-energy. Phys. Rev. B 45, 13244-13249 (1992)

Frisch, M.J., et al.: Gaussian 2003. Gaussian, Inc., Wallingford (2004)

Andrae, D., Haussermann, U., Dolg, M., Stoll, H., Preuss, H.: Energy-adjusted ab-
initio pseudopotentials for the 2nd and 3rd row transition-elements. Theor. Chim.
Acta 77, 123-141 (1990)

Godbout, N., Salahub, D.R., Andzelm, J., Wimmer, E.: Optimization of Gaussian-
type basis-sets for local spin-density functional calculations. 1. boron through neon,
optimization technique and validation. Can. J. Chem. 70, 560-571 (1992); Sosa,
C., Andzelm, J., Elkin, B. C., Wimmer, E., Dobbs, K. D., Dixon, D. A.: A local
density functional-study of the structure and vibrational frequencies of molecular
transition-metal compounds. J. Phys. Chem. 96 , 6630-6636 (1992)



Time-Dependent Density Functional Theory Study of
Structure-Property Relationships in Diarylethene
Photochromic Compounds

Pansy D. Patel"* and Artém E. Masunov"*”

! NanoScience Technology Center
% Department of Chemistry
? Department of Physics, 12424 Research Parkway, Suite 400, University of Central Florida,
Orlando, FL 32826 USA
amasunov@mail.ucf.edu

Abstract. Photochromic compounds exhibit reversible transition between
closed and open isomeric forms upon irradiation accompanied by change in
their color. The two isomeric forms differ not only in absorption spectra, but
also in various physical and chemical properties and find applications as optical
switching and data storage materials. In this contribution we apply Density
Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) to predict the
equilibrium geometry and absorption spectra of a benchmark set of diarylethene
based photochromic compounds in open and closed forms (before and after
photocyclization). Comparison of the calculated Bond Length Alternation
parameters with those available from the X-ray data indicates MO05-2x
functional to be the best method for geometry optimization when basis set
includes polarization functions. We found MOS5 functional accurately predicts
the maximum absorption wavelength when solvent is taken into account. We
recommend combined theory level TD-MO05/6-31G*/PCM//MO05-2x/6-
31G*/PCM for prediction of geometrical and spectral parameters of diary-
lethene derivatives.

Keywords: photochromism, density functional theory, electronic spectra, bond
length alternation, molecular structure.

1 Introduction

Photochromism is light-induced reversible molecular transition between two isomers,
closed and open, with different absorption spectra. Apart from the color, the two
isomers also differ in various physical and chemical properties such as refractive indi-
ces, dielectric constants, oxidation-reduction potentials and geometrical structures.
The instant property changes upon photoirradiation can be used in various optoelec-
tronic devices such as optical memory, optical switching, displays and nonlinear op-
tics. Irie and Lehn [1-9] were among the first authors to investigate diarylethenes as a
potential candidate for photochromic applications (Fig.1).

In the case of photochromic diarylethenes, the open form has twisted n-system and is
colorless while the closed form with nearly planar m-system is conjugated and colored.
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Thus, the ground state geometry is essential to predict their characteristic properties. An
important geometrical parameter in the conjugated systems is the bond-length alterna-
tion (BLA), defined as the difference between the single and double bond lengths. For
linear chain oligomers it has been known that the band gap, nonlinear optical (NLO)
properties, excited states, etc. are BLA-dependent [10-15].

Open form Closed form

Fig. 1. Photochromic diarylethene compounds (X=S,0,Se)

The theoretical predictions of BLA for several series of conjugated oligomers has
been conducted by Jacquemin and co-workers [16-23] in the past decade. They per-
formed ab initio calculations on mainly acyclic conjugated systems and concluded
that (1) MP2 values are in good agreement with higher-order electron-correlated
wavefunction approaches that include triple excitations; (2) basis set effects are rela-
tively limited, and polarized double-{ basis is sufficient, at least for DFT calculations;
(3) all conventional GGA and meta-GGA provide similar BLA, that are much too
small and too rapidly decreasing with the chain lengthens; (4) hybrid functionals cor-
rect this trends but to a small extend so that quantitative agreement with MP2 values
is still far away; (5) the conformation differences do not alter these three latter conclu-
sions; (6) self-interaction corrections included via the averaged-density self-interaction
correction (ADSIC) scheme improves BLA evolution obtained by the conventional
DFT approaches. For medium-size oligomers ADSIC predicts BLA in better agreement
with MP2, than B3LYP or PBEO. However, diarylethene derivatives had not been in-
vestigated in that respect.

In the present contribution we report BLA using different DFT methods to
predict the ground state geometry for the open and closed isomers as well as for some
by-products. The methods are validated by comparison with the experimental X-ray
crystal structures available for some of diarylethene derivatives. Our goal is to estab-
lish the computational protocol to investigate structure-property relationships for the
diarylethene derivatives aimed to guide the design of new photochromics.

The distinctive absorption spectrum of the two isomeric forms of the photochromic
compounds is an essential property of investigation. Experimental absorption spectra
(Amax) Of such compounds are determined in different solvents for different deriva-
tives. Recently Jacquemin and co-workers evaluated the A, for large set of perfluoro
derivatives of diarylethenes solvent conditions using Time-Dependent
Density Functional (TD-DFT) formalism [24]. However their data is limited for
closed isomers only. In the present paper, we have employed TD-DFT formalism to
predict the absorption spectra of a benchmark set of photochromic compounds for
both open and closed isomeric forms.



Time-Dependent Density Functional Theory Study of Structure-Property Relationships 213

2 Computational Details

The calculations have been performed using GAUSSIANO3 package. Different levels
of theory were used to find the best method for geometry optimization, followed by
absorption spectra predictions. Complete optimizations have been performed on a
benchmark set of diarylethene photochromic compounds (Fig.2,a-d) to perform bond
length alternation (BLA) analysis and compared to the experimentally determined X-
ray geometries of a set of structures in order to validate a suitable method as well as
basis set for accurate geometry prediction.

LAl
B A2 R,
C\\< R,
a.
Comp [X Y RI [R2 [R3 [R4
DCN-1 | S N-CH; | CH; | CH; | CH=CH-CH=CH

DCN-2 | N-CH; | N-CH; | CH; | CH; | CH=CH-CH=CH

Figure:2b
b.

Comp X Y Z R1 R2 R3 R4
MA-1 S S 0 CH; | CH, CH; | CHy
MA-1-A S S O CH=CH-CH=CH | CH=CH-CH=CH
MA-2 S N-CH; (6] CH; | CHy CH=CH-CH=CH
MA-2-A S N-CH; (0] CH; | CHy CH=CH-CH=CH
MA-2-B S N-CH;, (0] CH; | CN CH=CH-CH=CH
MA-3 N-CH; | N-CH; (0] CH=CH-CH=CH | CH=CH-CH=CH
MA-hit S S O H CH, H CH;
Mi S S NH CH; | CHy CH; | CH;

Fig. 2(a,b). Benchmark set of open and closed-ring isomers studied in this work (DCN-
Dicyano derivatives, MA-Maleicanhydride derivatives and Mi- Maleimide derivatives)
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Comp X1lY R1 R2 R3 R4
PFC-1-C | S [S CH, |H CH; | H
PFC-1-D [ S [ S H CH, H | CH;
PFC-1-E [ S [S CH; | CH, CH; | CH;
PFC-2 S [s H Ph H |Ph
PFC-2-A | S [S CH, |Ph CH; | Ph
PFC-2-B |S [ S CH; | Ph-N-C,H; | CH; | Ph-N-C,H;
PFC-3 S [s H Th H |Th
PFC-4 S [s H Th-CH, H | Th-CH,
PFC-6 S | N-CH; | CH=CH-CH=CH CH=CH-CH=CH
PFC-6-A | S [ N-CH; | CH; [CN CH=CH-CH=CH
PFC-8 s |s CH=CH-CH=CH CH=CH-CH=CH
PFC-B oJo CH, [H CH; [H

PFC-1: R1,R2=H
PFC-1a: R1, R2= CH3

Fig. 2(c,d). (PFC- Perfluorocyclopentene derivatives)

The optimized structures were further used to predict the excitation spectrum of
each molecule with Time-Dependent DFT (TD-DFT) formalism. TD-DFT is a quan-
tum mechanical method used to investigate the excited state proprieties of many-body
systems. It is important to note that out of several excited states only the one with the
maximal oscillator strength was used for comparison with experiment. Often that was
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not the lowest excitation reported by TD-DFT. Several different functionals have been
tested to select the best method which can be used to determine the accurate absorp-
tion spectra for both isomeric forms of the different derivatives of diarylethenes. Sol-
vent effects were included implicitly by means of non-equilibrium polarizable
continuum model (PCM), which uses empirical dielectric constants (both slow orien-
tational and fast electronic components) as well as atomic radii as model parameters.
PCM typically provides a good approximation of solvent effects as long as specific
interaction with the solvent (such as hydrogen bonds) can be neglected.

The solvents used for the current work were chosen to reproduce the experimental
results as close as possible. Heptane (Hep) was used for the compounds whose ex-
perimental data was available in hexane while Benzene (Bz), Dicholomethane (DCM)
and Acetonitrile (ACN) was used for those compounds whose experimental data was
available in the same solvent.

3 Results and Discussions

We conduced the geometry optimization at DFT theory level with various exchange-
correlation potentials, including B3LYP, BLYP, BHandHLYP, PBEO, TPSS, BMK,

Table 1. Bond length alternation (BLA, A) and wavelength of the maxima on the absorption
spectra (Amax, nm) for a set of diarylethenes calculated at TD-M05/6-31G*/PCM//M052x/6-
31G*/PCM theory level and compared to the experimental data. See Fig.2a for definition of
BLA1 and BLA2.

Closed isomer Open isomer

BLA1 | BLA2 [ | BLA1 [ BLA2 | Apu
PFC-1-d
Experiment* 0.095 0.091 | 505 -0.112 0.089 303
Theory 0.106 0.087 | 505 -0.113 0.080 316
PFC-1-e
Experiment” 529 -0.132 [ 0.095
Theory 0.113 0.093 | 526 -0.117 0.089 279
PFC-2
Experiment’ 0.085 0.055 | 575 -0.112 0.050 276
Theory 0.100 0.076 | 585 -0.114 0.068 287
PFC-2-et
Experiment 0.089 0.059 | 600 -0.115 0.068 286
Theory 0.101 0.075 | 611 -0.116 0.067 284
PFC-B
Experiment* 0.113 0.055 | 469 -0.120 0.053 274
Theory 0.119 0.045 | 476 -0.102 0.057 251
PFC-5
Experiment’ 632 -0.133 0.062 320
Theory 0.101 0.071 | 611 -0.116 0.060 332
MA -hit-closed
Experiment® 510 -0.109 0.082 403
Theory 0.091 0.077 | 520 -0.102 0.071 423
RMSD 0.006 0.007 | 4 0.004 0.003 6

Ref - a-[25], b-[26], c-[27], d-[28],e-[29], £-[30], g-[31]
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Table 2. Maximum absorption wavelengths (A, nm) measured experimentally and pre-
dicted at two theory levels: TD-M05/6-31G*/PCM (T1) andTD-B3LYP/6-31G*/PCM (T2),
both use geometry optimized at M052x/6-31G*/PCM level for open and closed isomers of
diarylethenes in solution. Deviations of the theoretical values from the experimental ones
(Ahpax, nm) are also reported.

Closed Open
I AL n AL

Molecule  [Solvent [Exp(T1 [T2 [T1 T2 Exp [T1 T2 [T1 T2
IDCN-1* Bz 547 552[531 |5 16 412 457433 |45 -21
IDCN-2* Bz 574 556[533 |18 41 390 480377 |90 13
MA-1° Bz 560 [525[531 35 29 335 397380 |-62 -45
MA-1-A° Bz 544 [538[531 6 13 U17 504475 -87 -58
MA-2° Bz 595 [563[545 [32 50 450 |507481 |-57 -31
MA-2-A" Bz 680 1683(644 |3 36 - 4981493 |- -
MA-2-B° Bz 628 1624598 4 30 - 504481 |- -
IMA-3° Bz 620 [595[565 25 55 470 |540(508 |-70 -38
i’ Bz 512 496[500 |16 12 370 1391374 |-21 -4
MA-hit® Bz 510 [519[520 |9 -10 403 HU46423 1-43 -20
PFC-1" Hep 432 428436 ¥ -4 316 342332 -26 -16
PFC-1-a'  [Hep 425 21425 4 0 336 357345 |-21 -9
PFC-1-b'  [Hep 469 U62466 [7 3 312 3113221 -10
PFC-1-¢  [Hep 534 [522[528 |12 6 234 2881280 |-54 -46
PFC-1-d  [Hep 505 499[505 |6 0 303 326[316 |-23 -13
PFC-1-¢*  [Hep 529 5171505 |12 24 - 2851266 |- -
PFC-2' Hep 575 [590(585 15 -10 280 [298[287 |-18 -7
PFC-2-a'  [Hep 562 [576[575 |-14 -13 262 2941280 |-32 -18
PFC-2-b'  [Hep 597 1602[593 |-5 4 305 324308 |-19 -3
PFC-2-et™ |Hep 600 |613|611 |13 -11 286 [3031288 |17 -2
PFC-3" IACN 605 610(604 |-5 1 312 315304 |3 8
PFC-4" ACN 612 6191610 |7 2 320 3213121 8
PFC-5° DCM 632 16291611 3 21 320 [356[332 |-36 -12
PFC-6° IACN 565 [552(534 |13 31 340 368356 |-28 -16
PFC-6-A" [Hep 665 16531625 |12 40 - 375355 | -
PFC-7° IACN 612 596[585 |16 27 200 [334[327 |-44 -37
IPFC-81 Hep 517 523[521 |6 -4 258 269261 |-11 -3
PFC-9" Bz 828 [787[792 U1 36 354 379358 |-25 -4
PFC-B* Hep 469 Uo1476 |-22 -7 274 258251 (16 23
RMSD 3 4 7 4

Ref: a-[9], b-[8], c-[32], d-[7], e-[33], f-[34], g-[31], h-[35], i-[36], j-[37], k-[26], 1-[27],
m-[28], n-[38], 0-[30], p-[39], q-[40], r-[6], s-[29].

MOS5, and MO05-2x. The results of these calculations (which will be published else-
where) suggest that the M05-2x functional that includes 52% fraction of the Hartree-
Fock exchange, gives the best agreement with the experimental BLA values. We also
compared the maxima on the absorption spectra, evaluated using TD-DFT formalism
with the same selection of exchange-correlation potentials using implicit solvent
model for both closed and open isomers. We found that M05 method agrees with the
experimental A, values the best. Polarizable continuum model and double-( basis set
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with polarization functions were important to obtain the accurate equilibrium geome-
try as well as absorption spectra. The comparison of the calculated and experimental
BLA parameters and absorption wavelengths for the benchmark subset of diary-
lethene photochromic compounds is reported in Table 1.

For the rest of the molecules in the benchmark set single crystal X-ray diffraction
data were not available. We report their maximum absorption wavelengths at two
theory levels: TD-M05/6-31G*/PCM and TD-B3LYP/6-31G*/PCM (with geometry
optimized at M052x/6-31G*/PCM level) and compare our predictions with the ex-
perimental A, values in Table 2. Looking at the RMSD values reported in the last
row of that table one can see that B3LYP functional predicts the wavelengths three
times closer to experimental values for the closed ring isomers with extended conju-
gation lengths, than for the open ring isomers. Other functionals, such as BMK, ex-
hibit an opposite trends. The MO5 functional seems to be the best compromise, with
the average errors of 4-7 nm.

4 Conclusions

Several exchange-correlation functionals in combination with TD-DFT formalism were
evaluated for predictions of the absorption spectra for both closed and open isomers of
diarylethene photochromic compounds. Bond length alternation descriptors were
employed to select suitable DFT methods to predict equilibrium geometry in these com-
pounds. We found that a) the most accurate equilibrium geometry based on BLA pa-
rameter is best calculated at M05-2x/6-31G*/PCM level; b) TD-DFT spectral data is best
reproduced at M05/6-31G*/PCM 1level with the average deviation form the observed
values in the range of 3-7 nm; c¢) use of polarization functions in the basis set is important
to obtain the best geometry; d) solvent effects as described by polarizable continuum
model (PCM) are important for the accurate predictions of the spectral data with TD-
DFT. We recommend theory level TD-M05/6-31G*/PCM//M052x/6-31G*/PCM for
prediction of geometrical and spectral parameters (BLA and the A, values) for both
closed and open isomers of diarylethene derivatives. This opens a possibility to establish
structure-property relationship for diarylethene photochromics to assist in rational design
of improved materials for photoswitching and data storage applications.
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Abstract. We performed a 2-dimensional free energy calculation in the
conformational space composed of two structures, best RMSD (Root
Mean Square Distance) and the worst RMSD structures using ZDOCK
on the Colicin E7 (protein) and Im7 (Inhibitor) complex. The lowest
free energy minimum structure is compared to the X-ray crystal struc-
ture and the best RMSD docking structure. The free energy correction
for the best RMSD structure shows an alternative in the prediction of a
flexible loop position, which could not describe rigid body docking.

Keywords: Free energy calculation, docking, Colicin E7-Im7 complex.

1 Introduction

Docking is a method for estimating the near native structure for a protein-protein
complex or a protein-ligand complex through shape or chemical (hydrophobic,
hydrophilic) complementarity [1I2]. For example, the near native structure for
a protein-protein complex can be easily found if a complementary shape ex-
ists between the interface of two proteins. For an efficient search for the near
native docked structure from a set of mostly ”incorrectly” docked structures,
the docking method performs a rough prediction by treating the two proteins as
rigid bodies. Through appropriate rotation and translation of the two rigid bod-
ies using fast Fourier Transforms (FFTs) [3], a score is assigned using a scoring
function that depends on how close two proteins fit at the complementary inter-
face. At this stage of rough prediction, the shape information about two entities
plays a dominant role. As well as shape information, a docking method may also
make use of complementary information provided by electrostatics or hydropho-
bic interactions at the interface of the protein-protein complex. The information
about the chemical complementarity between two protein complexes leads to an
energetic correction to the shape complementary based on the FFT technique,
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which is adapted by FTDOCK [4]. For a more elaborate correction of the implicit
solvent model, a desolvation energy correction using the ACE (Atomic Contact
Energy) [5] is added to the FFT technique and the electrostatic correction in
ZDOCK [6]. In addition to electrostatics, the geometry-based hydrophobic com-
plementarity at the interface of protein-protein complex has been incorporated
into the FFT-based algorithm in MolFit [7]. Recently, more advanced algorithms
have been developed to improve the rigid body docking based on FFT through
the incorporation of a pairwise structure-based potential in PIPER [8]. At the
refinement stage of prediction, more elaborate algorithms such as FlexE [9] are
adapted into the docking methods to describe flexible side chains or backbone
movements through the superimposed structures of the ensemble. Dock 4.0 [10]
has been implemented with an incremental construction and random search al-
gorithm. Molecular Dynamics (MD) simulation in an explicit solvent model has
been applied to myosin phosphatase targeting subunit (MYPT) and its binding
site in protein phosphatase-1 (PP1) [II] with a 2-5 ns simulation and FK506
(ligand)-FKBP (FK binding protein) with a 1 ns simulation [12]. However, de-
spite these several algorithms, the incorporation of information about flexible
side chain and backbone movements remains one of the main challenges facing
the modern docking method. In this study, we propose a free energy correc-
tion to the rigid body docking method. The free energy method through effec-
tive conformational sampling using the WHAM (Weighted Histogram Analysis
Method) procedure [T3ITAIHTE/I7] is able to predict the lowest free energy min-
imum structure of a protein-protein complex. One of the advantage of the free
energy technique in the prediction of near native structure for a protein-protein
complex is that it incorporates the dynamics of the protein-protein complex. It
can provide us with information of flexible loop movements, depending on the
timescale of the MD simulation. In addition, it also provides us with entropy
information as well as the energetics of the protein-protein complexes. Such en-
tropy information can prevent the overestimation of the energetics involving the
residues at the interface of the protein-protein complex. Entropy is a significant
factor which strongly influences the formation of a complex. The general free
energy method for predicting protein-protein complex requires a huge amount
of sampling in conformational space, especially if starting as a blind trial of
the conformational sampling. Such a sampling task becomes aggravated as the
protein size increases, and such requires expensive computational expenditure.
However, use of rigid body docking, a global search for a “nearly correctly docked
structure” from “the set of incorrectly docked structures”, could dramatically
decrease the burden of conformational sampling for the free energy calculation.
In this case, the conformational sampling for the free energy calculation is fo-
cused on the region of near native structures for the protein-protein complex
identified by rigid body docking. Here, we suggest an efficient method for predic-
tion of protein-protein complexes by combining the free energy method with the
docking method.
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2 Methods
2.1 Rigid Body Docking

The free energy method combined with the docking method is applied to a trial
protein-inhibitor system : DNAase domain of Colicin E7 (Protein)—Im7 (In-
hibitor) for which we have experimental information. Colicins are protein toxins
produced by Escherichia coli [18]. The cytotoxic activity is known to be sup-
pressed by binding with its inhibitor [I9]. One of the interesting features of colicin
and its inhibitors is that the binding affinity is among the strongest known in
protein-inhibitor interactions [20]. A test case for the free energy docking tech-
nique was selected from the decoy set of the published “Protein-Protein Docking
Benchmark” [2I]. The benchmark includes individually crystallized receptor and
ligand PDBs, along with the co-crystallized complex PDBs for testing protein
docking algorithms. The endonuclease domain of Colicin E7 in complex with its
inhibitor Im7 protein was used as the test case due to the relatively small size of
the protein-protein complex. Two structures were chosen for the references for
the free energy calculations based on their RMSDs with respect to the crystal-
lized structure (PDB code : 7CEI). The deviations of C, RMSD values of the
docked structures (compared to X-ray crystal structure) generated by ZDOCK
is in the range of from 2.12 A (Best RMSD) to 36.64 A (Worst RMSD)I. The
conformations of the two structures, best RMSD and the worst RMSD, is shown
in Fig. 1. The other intermediate structures lie between the two extremes that
we have chosen.

2.2 Order Parameter and Free Energy Surface

We choose the Q value, the similarity index between two conformations, as an
order parameter for the free energy calculation. Q has been widely used in the
free energy calculations in protein folding studies [22/23]. It is defined as

A2
Qa=5 Yo [—%} (1)
ij

where r;; is the distances between ¢-th and j-th atom in conformation of inter-
est, r;‘; is the same for the conformation A for which the Q4 value is defined,
and normalization factor N is equal to number of pairs of atoms whose positions
define the conformation. The similarity index @ 4 changes from 1 (for the confor-
mation A) to 0 (for a conformation with no resemblance to A). Normally, only
C, carbons are chosen in the calculation of the @) value. To track the flexible
protein movements, however, we extend the range of atoms to include Cpg, C,,
Cs, C. and Cz atoms [24]. In Eq. 1, o controls the resolution of the @ value.
Considering that the resolution of the X-ray crystal of 7CEI is 2.3 A [19], o is
set to 2 A in our study. A total of 878 atoms are considered in the calculation

! The RMSD values were calculated after the alignment of the Im7 (Residue 1 to 87)
using VMD.
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Worst RMSD docking Best RMSD docking
» .

~

Fig. 1. The best RMSD (Yellow) and worst RMSD (Green) docking structures. The
cognate inhibitor, Im7, is in common and shown as a blue color. Yellow represents the
DNAase domain of Colicin E7 in the best RMSD structure and green represents the
DNAase domain of Colicin E7 in the worst RMSD structure.

of Q4 value; this definition is essential in tracking the conformational change
which involve small movements or rotations of flexible side chains. We choose
two references, the best docked structure and the worst docked structure as
shown in Fig. 1. The basic idea is to perform all the conformational sampling
using WHAM between these two extreme references.

2.3 MD Simulation

We performed free energy calculations in the 2-dimensional conformation space
composed of (QrvestrMSD; QuorstrMsp)- The conformational sampling is guided
by a biasing potential,

V(Qbesta Qworst) = %kbest (Qbest - zr:;)? + %kworst (Qworst - gll;;{st)Z (2)
where kpest and kyorst are spring constants and Q% and QMin_, are the loca-
tions at which the biasing potentials are applied. The spring constants kpes; and
kworst are in the range of from 11.5 kcal/mol/A2 to 82.5 kcal/mol/Az. These
spring constants are determined so as to obtain the best overlap between trajec-
tories for good sampling. For dielectric constant e=80.0, a total of 367 windows
are used for each different Q™% . and Q™M ranging from 0.5 to 1. Each window
was run for 50 ps. For productive data, the first 10 ps simulation is removed.
Thus, the total sampling corresponds to 14.7 ns (40 ps x 367 windows). On the
other hand, for dielectric constant e=4.0, a total of 388 windows are used for
each different Q™% . and Q% ranging from 0.5 to 1. Each window was run

for 100 ps. For productive data, the first 10 ps simulation is removed. Thus, the
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total sampling corresponds to 32.8 ns (90 ps X 364 windows). All of the MD
simulations were performed using LAMMPS (Large-scale Atomic and Molecu-
lar Massively Parallel Simulator) at the atomistic level with the CHARMM27
protein-lipid force field [25]. The best RMSD structure and the worst RMSD
structures were treated with a dielectric constant of 80.0 and 4.0 using the
distance dependent dielectric solvent model, e(r)=er. The two references, the
best RMSD and the worst RMSD structures, were minimized using the steepest
descent gradient method in NAMD employing the CHARMM force field. The
charm2lammps perl script [25] converted each minimized structures into the
initial structures for LAMMPS. These were equilibrated for 1 ns at 293K. In the
process of equilibration at 293 K, target Molecular Dynamics was performed for
the two structures to keep the two structures less than 0.1 A of the backbone
RMSD with respect to the two references. The Coulombic and Lennard-Jones
interactions were calculated with a 10.0/12.0 A twin-range cutoff. This is a feasi-
bility study; the validity of the method is to be established (below). The various
computational compromises can be removed in future work.

3 Result

Figure 2 shows that the 2-dimensional free energy surface (FES). (Qpest,Quorst: 1.0,
0.59) and (Qpest,Quorst:0.59, 1.0) corresponds to the best RMSD and the worst
RMSD structures respectively. It is gratifying that the lowest free energy struc-
ture at e=4.0 is quite similar to the X-ray crystal structure with C, RMSD of
2.05 A. Figure 3.a shows the superimposed images of best RMSD (Cyan) and the
lowest free energy minimum structure (Orange). Figure 3.b shows the superim-
posed images of the the lowest free energy minimum structure (Orange) and the
X-ray crystal (Green). The main difference at the backbone level between the
lowest free energy structure and X-ray structure lies in loop configurations from

LSOy ;
0.9 Worst RMSD docking Z::J:t'uerASD docking 5
structure
08 5
o
g ; 4
07 BestRMSD docking Best RMSD docking
4 3 structure
2 structure 3
9 06
2
05 !
04 _ e o
04 05 06 07 08 09 1 amol 5 06 07 08 08 1yeamol
Qpestrusp QpestRMSD
Dielectric constant : 80.0 Dielectric constant : 4.0

Fig. 2. 2-dimensional free energy surface of ColE7-Im7 complex for dielectric constant
€=80.0 and €=4.0. The two red circles are best RMSD docking structure and worst
docking RMSD structure. The red box corresponds to the lowest free energy minimum
(Qvest,Quorst:0.878, 0.504) at €=80.0 and (Qpest,Quworst:0.894, 0.520) at e=4.0.
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Fig. 3. Figure 3.a shows the superimposed images of best RMSD (Cyan) and the lowest
free energy minimum structure (Orange) at dielectric constant e=4.0. Figure 3.b shows
the superimposed images of the the lowest free energy minimum structure (Orange)
and the X-ray crystal (Green) dielectric constant e=4.0. The Im7 (Inhibitor) is shown
as blue color.

Leu465 to Gly473 in red box in Fig. [Bb. The buried solvent accessible surface
areas (SASA) were calculated for the X-ray crystal structure (1381 A?), the best
RMSD docking structure (1434 A2?), and the lowest free energy minimum struc-
ture at e=4.0 (1787 A? E It indicates the lowest free energy minimum structure
is more tightly packed at the interface of the ColE7-Im7 complex than the X-ray
crystal structure.

4 Discussion

We performed free energy calculation in the 2-dimensional conformation space
composed of the two references, best and the worst RMSD structures. The dock-
ing method and the free energy sampling method are quite complementary to
each other. The docking method (based on the rigid body docking) dramatically
narrows the sampling space. Otherwise, the blind test would require exhaustive
computational performance. If the X-ray crystal structure of the protein-protein
complexes is identified (7CEI in our study), we can test the validity of the dock-
ing method. By calculating the RMSD value with respect to the X-ray crystal
structure, we can choose two references of the best and worst RMSD docking
structures. Also, if we also have biological information (such as catalytic site or
active site), physical (main groove or minor grove) and chemical information (hy-
drophobic, hydrophilic, H-bonds) about the protein-protein complex, the docking
method remains an essential tool to predict the “nearly correct” configuration of

2 1.4 A was used as the probe radius for the calculation of SASA.
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the protein-protein complexes within the rigid body approximation. However, if
the X-ray crystal form of the protein-protein complex is not available, or when
the sufficient information about the chemical and physical composition of each
entity in protein-protein complexes is missing, the rigid docking method would
be less reliable. Furthermore, when flexible loops play critical roles in forming
protein-protein complexes, the error in the rigid body prediction will increase.
In this case, however, the docking method provide several “plausible” candidates
for the protein-protein complex at the rough prediction level. The free energy
method then performs the key mission of finding the “nearly correct structure”
from the “plausible” structures, including information of flexible loops. As a fu-
ture study, we will apply our method with explicit water to the present case and
finally to the case for which an X-ray crystal of the complex has not been solved.
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Abstract. Taking tris(o-phenylenedioxy)cyclotrisphosphazene (TPP) as template,
series of derivatives and analogs were designed with the aim to investigate the
structural features of organic zeolite (OZ) and their potential applications. On the
basis of DFT-PBE(0/6-31G** quantum calculation, the results show a tight de-
pendence of the electron donor (E-D) of the entire molecule on that of the side
group and bridge. It was found that extending the side fragment with a phenyl ring
and substituting CH/N, or tetrathiafulvalene (TTF)-like group, or the side phenyl
fragments substitution by TTF and its derivatives, preserve the “paddle wheel”
molecular shape, a key factor in the tunnel formation on which is based the or-
ganic OZ use of TPP. In comparison with the commonly used organic super-
conductors, most of the designed molecules with TTF fragments were predicted
to show comparable or better E-D strength.

Keywords: molecular design, DFT, organic zeolite, TPP, TTF.

1 Introduction

The absorption properties of materials are emerging as a forefront issue of present day
research, due to the strategic industrial and environmental applications, such as gas
storage, selective gas recognition, and separation [1]. As a result of their unique fea-
tures, molecular self-assembled materials and organic zeolites (OZ) [2, 3] seem to
constitute a competing alternative in this field, and are thus still to be explored exten-
sively. Originally studied by Allcock [4], tris(o-phenylenedioxy)cyclotriphosphazene
(TPP, 1a) became a compound of choice to investigate the structural features of OZ
and their potential applications.

Studies focused on the stability of the hexagonal modification compared to com-
pact guest-free monoclinic [5], the investigation of gas storage or aromatic guest in-
sertion by advanced NMR techniques [6], the confinement of I, molecules by several
crystallization procedures [7], and the insertion of dipolar molecules [8]. From TPP to
some of its derivatives, it has been shown that the available space for absorbates can
be modulated by the choice of the side group, which substitutes the dioxyphenylene in
the former, the key-factor of the tunnel formation being reported to be the rigid “pad-
dle wheel” molecular shape and the requirements of the crystal state [9]. For example,
it was reported that TPP and tris(2,3-dioxynaphthyl)cyclotri-phosphazene, (TNP, 2a)

G. Allen et al. (Eds.): ICCS 2009, Part II, LNCS 5545, pp. 229 20009.
© Springer-Verlag Berlin Heidelberg 2009
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spontaneously form inclusion adducts with benzene, toluene, heptane, octanes, and
many other compounds [4, 10, 11]. With la and some of its derivatives, clathration
was characterized as a pure mechanical phenomenon [12]. Some of its relevant appli-
cations however, may be based on physico-chemical properties. Within TPP zeolite,
which shows a strong affinity to include gaseous CHy, CO, [6b], I, and Xe [6a, 7, 13],
specific host-guest interactions of the donor-acceptor type are expected for channels.
Recent report by Hertzsch T. has shown that 1a may be used to remove radioactive
I, [6b], even from a humid environment or water [14]. The stability of the inclusion
compound TPP(I,)y75 up to 420 K [7], was interpreted based on the Lewis acidity of
I, and the electron-donor (E-D) capacity of the TPP-phenylenedioxy rings. It appears
clear that the E-D capacity may play a certain role in the trapping process of some
compounds within TPP OZ, which may provide some potential applications in the
environmental chemistry. From this viewpoint, different TPP-like materials (Fig. 1)
are studied in this contribution. We focused our interest on the relationship between
the E-D capacity of the side fragment (part C), bridge (part B), and that for the entire
molecule. Although a number of theoretical works on phosphazene containing sys-
tems can be found in the literature [15, 16], very few were devoted to related OZ and
the relationship between E-D and the structure of molecules [16]. This contribution
may provide some helpful insights toward the understanding of TPP-like OZ uses and
the further design as well.

2 Computational Strategy

Taking TPP or TNP molecular structure as template, we have designed series of TPP
or TNP analogs by systematically extending or substituting the side fragment with a
phenyl ring and substituting CH/N, or tetrathiafulvalene (TTF)-like group, or the
bridge O substituted by NH totally or partially as described in Fig. 1. All molecular
geometry optimizations were carried out with the aid of Gaussian 03 package [17].
During the geometry optimization, the neutral species were constrained within the C;
symmetry. Density functional theory (DFT) calculation using the PBEO functional
[18] with the 6-31G(d,p) [19] basis set was performed in the geometry optimization,
which was proved to be proper for such kind of system [16a]. The equilibrium struc-
tures were located using analytical energy derivatives. To confirm the structure is a
minimum on the potential energy surface at this level of theory, frequency calcula-
tions were performed. The unrestricted formalism was used for the oxidized forms
and uniformly estimated from PBE0/6-31+G (d, p) calculation including diffuse func-
tions needed to describe the cations. From the calculated <S> values, the spin con-
tamination included in the present calculation results was confirmed to be in general
no more than 3%. IP of the molecules were calculated as described in the equation
below:

IP = -Eyomo- ey

Where Epomo is the HOMO energy (according to the Koopman's theorem [20])
at the HF/6-31G(d,p) level. Our preliminary calculations have proved that based
on Koopman's theory, the HF/6-311+G* can yield an excellent accuracy for adiabatic
IP [16].
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a: (Xy, X,) = (0, 0); b: (Xy, X;) = (0, NH); e (X, X;) = (NH, NH);
1a, 2a: d: (Y, Y,) =(CH, N); e: (Y, Y,) = (N, CH);
5,6:1:2=S;g:7Z=Se;h:Z,=0;i:Z,=S;j:Z,=H; k: Z, =CH;

Fig. 1. Chemical structures of the derivatives and analogs of TPP under investigation

3 Results and Discussion

It is found that the geometry of the core ring is independent of the variation of bridge
atom and/or side fragment. All the structures of investigated compounds preserve the
“paddle wheel” molecular shape (as schematically shown in Fig. 2 as examples), a
key factor in the tunnel formation on which is based the organic OZ use of TPP as
soft material. In general, a good agreement was found between the calculated struc-
tures and available crystal data [5, 12a]. The frontier molecular orbital (FMO) distri-
bution of investigated compounds all localized on their three spirocyclic side groups,
as shown in Fig. 3. The E-D strength of the phenyl ring within TPP affects the stabil-
ity of the adsorbent---adsorbate complex [7]. Therefore, we demonstrated herein a
tight relation between the IP of TPP-like molecules and that of the free side fragment.
Then, one may directly estimates the effect of the substitution on the bridge; the
CH/N heterosubstitution on the side fragment; the extending of side group by extra
phenyl ring or TTF-like fragment; and the substitution of phenyl by TTF-like frag-
ments for the E-D capacity of TTP and its analogs from the IP of the entire molecules.
The obtained electronic properties such as the IP, FMO energies, and energy gaps
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between HOMOs and LUMOs are summarized in Table 1. Furthermore, the opti-
mized structures for the neutral and cationic species for investigated compounds only
revealed small structural changes, suggesting being the good candidates for OZ use.

i S

Fig. 2. Optimized geometries for 1a-3a (for clarity, hydrogen atoms are not shown)

LUMO+1 LUMO ;#

H]

HOMO HOMO-1

Fig. 3. Frontier Molecular Orbitals for 1a computed at PBE0/6-31G(d,p)

3.1 The Effect of Enhanced m Conjugation and the Bridge O/NH Partially or
Totally Substitution

We begin our discussion with the already synthesized compounds (la-3a) and 4a
which correspond to extending the phenylenedioxyl side group (within TPP) with one
more phenyl rings, linearly (2a) or laterally (3a, 4a). Some of the corresponding opti-
mized structures are displayed in Fig. 2. In agreement with experimental observations
is the planarity of the side fragment in the cases of la, 2a, and of course, the twisted
heterocycle (containing the two O atoms) in 3a. With the aim of evaluating the influ-
ence of CH/N heterosubstitution on the molecular structure of TPP and TPP-like
molecules, compounds 1a and 2a were considered for this issue.

As clearly summarized in Fig. 4, the results suggest that (i) the O/NH substitution
increases both the Eyomo and Epymo energies in the sequence Na < Nb < Nc (with N =
1, 2, and 3) and (ii) 7-conjugation increases the Eyomo, While decreasing the Eyp o in
the sequence of 1i < 2i < 3i (i = a, b, and ¢). From these results, it may be concluded
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that comparatively to la, extending the side group with an aromatic ring destabilizes
the HOMO, which becomes more stabilized by the O/NH substitution. A comparison
of 2i to 3i (or 4a) shows that the HOMO is even more destabilized by a lateral exten-
sion. E-D capacity is then increased within the same order as confirmed by IP calcula-
tions whose results are summarized in Table 1. The results show a tight dependence
of the E-D capacity of the TPP-like molecules on that of the free side group, resulting
in some interesting implications for some aspects of OZ use: (i) The stability of the
inclusion compound, TPP(l,),, and the operating temperatures may be improved by
using lc, 2a, and 3a whose clathrates with many other molecules are already known,
with the OZ-I, inclusion compound based on 2a being expected to be less stable than
that based on 3a. (ii) The E-D capacity of TPP side groups appears to be tunable,
allowing predictions to be made about the stability of the inclusion compounds of OZ
and molecules of Lewis acidity comparable to that of L,.

E;\-IO_ =

Fig. 4. PBEO frontier molecular orbital (FMO) energy diagram for la-c, 2a-c, and 3a-c (L =
LUMOs, H = HOMOs)

3.2 The CH/N Heterosubstitution Effect on the Side Fragment

With the aim to evaluate the influence of the CH/N hetero-substitution on the molecu-
lar structure of TPP and TPP-like molecules, compounds 1a, 2a and their CH/N sub-
stituted derivatives (lad-e, 2ad-e) were considered for this issue. From the length of
the side fragment viewpoint, on which depends the available space for adsorbates, we
anticipate a decreasing diameter of the tunnel with the degree of CH/N substitution
within both TPP and TNP.

This can be explained by comparing the C-C bond length of the unsubstituted bond
(1.37-1.41 A) to that of the corresponding C-N one (1.28-1.30 A) in the CH/N-
substituted derivatives. On the basis of our results the magnitude of the variation is
expected in the decreasing order unsubsituted > disustituted derivatives. Thus, the size
of the adsorbing space in CH/N derivatives of TPP may be anticipated to be smaller
than that of TPP itself, while CH/N derivatives of TNP would lead to crystals having
a tunnel spacein between those with TPP and TNP.
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Table 1. The obtained electronic properties: the IPxr, FMO energies, and Eg between HOMO
and LUMO (eV)

compounds 1Pyt Enomo Ei umo Eg

la 8.79 -6.60 -0.15 6.45
1b 8.02 -5.93 0.18 6.11
1c 7.53 -5.49 0.37 5.86
2a 8.00 -6.25 -1.04 5.21
2b 7.66 -5.90 -0.78 4.12
2¢ 7.46 -5.69 -0.64 5.05
3a 7.68 -5.76 -1.12 4.64
3b 7.26 -5.55 -0.78 4.77
3c 6.91 -5.20 -0.58 4.62
4 7.92 -6.69 0.01 6.69
lad 10.94 -8.77 -0.35 8.42
lae 9.80 -8.40 -0.48 7.92
2ad 9.11 -7.91 -0.90 7.01
2ae 9.21 -7.98 -0.86 7.12
Safth 7.02 -4.91 -1.03 3.88
Safi 7.13 -5.11 -1.01 4.10
Sagi 7.16 -5.19 -1.38 3.80
5bfh 6.85 -4.77 -0.90 3.87
5bfi 6.93 -4.96 -0.89 4.08
Shgi 6.99 -5.05 -1.26 3.79
5cfh 6.72 -4.76 -0.83 3.86
Scfi 6.82 -4.87 -0.81 4.06
Scgi 6.85 -4.94 -1.20 3.75
Safth 7.02 -4.91 -1.03 3.88
Safi 7.13 -5.11 -1.01 4.10
6afj 7.18 -5.08 -1.14 3.94
6afk 7.04 -4.92 -1.02 3.90
6agj 7.13 -5.13 -1.50 3.63
6agk 7.00 -4.98 -1.40 3.58
6bfj 7.02 -4.95 -0.95 4.00
6bfk 6.89 -4.79 -0.84 3.95
6bgj 6.98 -4.99 -1.33 3.66
6bgk 6.87 -4.86 -1.23 3.63
6c¢fj 6.81 -4.74 -0.92 3.82
6cfk 6.69 -4.61 -0.81 3.80
6¢gj 6.80 -4.81 -1.29 3.53
6cgk 6.69 -4.68 -1.20 3.48

The CH/N substitution in the side fragment decreases (and stabilizes) the HOMO
and LUMO eigenvalues at the same time owing to the presence of two nitrogen atoms
and very dependently on the position of the substituted CH group in the side frag-
ment. Due to the inductive effect of the nitrogen atom, the HOMO gets stabilized in
the sequence la < lae < lad within the subgroup of TPP and its CH/N derivatives and
in the sequence of 2a < 2ad < 2ae in the subclass of TNP and its CH/N derivatives.
The predicted net effect was that, in comparison to TPP, extending the side group
with an aromatic ring (TNP) destabilizes the HOMO, which becomes more stabilized
by CH/N substitution.
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3.3 The Effects of TTF-Like Fragments in the Side Groups

To design novel materials combining a good E-D strength and “paddle wheel” mo-
lecular shape responsible for inclusion adducts formation, we introduce TTF-like
fragments in to TPP by fused with phenyl ring (5) or substituting it (6), which may
lead to potential candidates for superconductors, that may combine a good electron-
donor ability and a possible inclusion adduct formation. The bridging parts by O/NH
substitution are also considered.

In general, most of the new derivatives are predicted to preserve the “paddle
wheel” molecular shape, the TTF-containing side group retaining the TTF-like
donor behavior (TTF-like moiety distortion into the planar) during the oxidization
process. From the electron-donor ability point of view, the current study shows
clearly that, comparatively to the commonly used electron donors, such as TTF,
Tetramethyltetraselenafulvalene (TMTSF), Bis(ethylenedithio)tetrathiafulvalene
(ET), Bis(ethylenedioxy)tetrathiafulvalene (BETS-TTF), and Bisethylenedi-
oxytetrathiafulvalene) (BO), whose predicted IPxr ranges from 6.65-7.05 eV, a
comparable E-D ability can be reached by adopting the building approach devel-
oped in this work (whose predicted IPkr ranges from 6.69-7.18 eV). An additional
insight provided by the current results is that the O/NH substitution induces a rela-
tively significant decrease in the IP, increasing therefore the E-D strength. Finally,
one may find from the same results that partial substitution leads to TTF-containing
TPP analogs whose IP values (E-D strength) may be in between those of the corre-
sponding derivatives from the total O/NH.

4 Conclusion

Using TPP as template, series derivatives or analogs were designed by chemical
modification of TPP by the substitution of bridge part or side fragments. On the basis
of DFT-BPE0/6-31G** quantum calculation, the results show a tight dependence of
the E-D of the entire molecule on that of the side groups and bridge part, which may
result in some interesting implications for some aspects of OZ use, i.e., (i) The stabil-
ity of the inclusion compound, OZ-I,, and the operating temperatures may be im-
proved by using high E-D material (ii) The E-D capacity of TPP side groups appears
to be tunable, allowing predictions to be made about the stability of the inclusion
compounds of OZ and molecules of Lewis acidity comparable to that of I,. It was
concluded that the total O/NH substitution for the bridge part may significantly en-
hance the electron-donor capacity without altering the tolerance of TPP-like host
materials to the guest molecules. The E-D capacity was found to be more significantly
enhanced by a lateral than a linear extension with phenyl ring, while it decreased upon
CH/N heterosubstitution