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Foreword 
The A C S Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is of keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table of con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts of 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

ACS Books Department 
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Chapter 1 

Advances in Teaching Physical Chemistry: 
Overview 

Mark D. Ellison1 and Tracy A. Schoolcraft2 

1Department of Chemistry, Ursinus College, Collegeville, PA 19426 
2Department of Chemistry, Shippensburg University, 1817 Old Main Drive, 

Shippensburg, PA 17257 

Many physical chemists think that the teaching of physical chemistry is 
currently experiencing a crisis. First, most students enter a physical chemistry 
course less prepared, particularly in math, than they did in years past. Second, 
teachers of physical chemistry face numerous vexing questions, including: What 
do we want to accomplish with the physical chemistry course? What topics we 
present to a diverse audience? How much of each subject should we emphasize? 
How can we be certain that the students master the material? 

More than a dozen years ago, Physical Chemistry: Developing A Dynamic 
Curriculum was published. (1) This landmark book was a welcome advance in 
the quest to modernize the physical chemistry curriculum. It arose from a Pew 
Charitable Trust project and NSF Undergraduate Faculty Enhancement 
workshops at the University of Northern Colorado. These workshops were well
-attended and provided clear evidence of the strong need for reform in the 
physical chemistry curriculum at that time. Developing a Dynamic Curriculum 
included advances in classroom content, laboratory exercises, and writing in 
physical chemistry, although the bulk of the book is devoted to specific 
laboratory experiments. Several symposia on aspects of the physical chemistry 
curriculum have been conducted at A C S and other meetings since 1993. 
However, no formal assessment of the progress made or the need for further 
changes has been provided. The time is ripe to bring the community up to date. 

Since 1993, much has changed in physical chemistry. The field is dynamic 
and growing, which adds to the difficulty of teaching the subject. If new 
material is added to convey to the students the excitement of new discoveries, 
what old material will be cut from the course? The richness of the field means 
that difficult choices need to be made. However, we think that including recent 
discoveries in the course material is essential and that three developments in that 
time span serve as nice examples to illustrate the future of teaching physical 
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chemistry: Ahmed Zewail has elucidated chemical reactions at the femtosecond 
timescale, (2) a complete solution for ionization of a hydrogen atom by electron 
scattering has been calculated, (3) and scientists have designed nanoparticles 
with tunable optical and electrical properties. (4) 

ZewaiPs work demonstrates that physical chemistry can probe the most 
fundamental details of chemical reactions. What could be more central to the 
science of chemistry than understanding each step in a chemical reaction? 

The finding of an exact solution for the scattering of an electron from a 
hydrogen atom exemplifies the current power of computational chemistry. In 
the mid-1990's, specialized workstations were necessary to carry out 
calculations, and an ab initio calculation on even a small molecule could take an 
entire afternoon. Now, a desktop computer can run complex calculations in 
minutes. A l l students have at their fingertips the means to explore structure-
function relationships, or to construct sophisticated models of chemical systems. 
In the coming decades, computational chemistry will become an integral part of 
most chemists' work, so our students must learn how to use computational 
methods and how to determine which ones are appropriate for their applications. 

Finally, "nano" has become a buzzword of the times. As several authors in 
this book point out, nanoscience is fundamentally chemistry. The design and 
synthesis of nanoscale objects is based almost entirely on the principles of 
chemistry, meaning that the study of the synthesis and properties of these 
systems is well within the domain of physical chemistry. The potential of this 
rapidly developing field has captured the imagination of the public and, we 
hope, our students. Nanoscience can allow us to show students that physical 
chemistry is interesting, highly useful, and—dare we say—fun! 

These three examples show the tremendous power of physical chemistry, 
and helping our students to develop an understanding of these advances drives 
us to use examples from cutting-edge chemistry in our physical chemistry 
courses. However, in a talk at a recent A C S National Meeting, Professor 
Richard N . Zare of Stanford University cautioned, "In terms of incorporating 
material from present-day research, I would emphasize how physical chemistry 
lays a basis for understanding processes in living systems. I am mindful that i f I 
stress too much the most recent developments, I would hinder the learning of 
fundamentals that are of timeless value." (5) 

Clearly, the teaching of physical chemistry remains a challenging prospect. 
Most physical chemistry instructors would agree that we want our students to 
gain certain proficiencies from our courses. These include sound knowledge of 
the fundamentals of physical chemistry, increased ability in logical reasoning, 
improved critical thinking skills, the ability to model chemical systems, and 
facility in analyzing data. We can certainly gain from sharing successful and 
not-so-successful efforts to achieve these goals. In that spirit, we have 
assembled this book, which arises from a symposium at the 230th National 
Meeting of the A C S in Washington, DC in August 2005: Physical Chemistry 
Curriculum Reform: Where Are We Now and Where Are We Going? This 
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symposium brought together a wide variety of speakers from government, 
industry, and academe. Many of these speakers agreed to write chapters based 
on their talks so that we could bring you a sense of the current state of affairs in 
physical chemistry education. 

As Gerald van Hecke and Robert Mortimer explain in their chapters, 
instructors of physical chemistry must make numerous choices when designing 
their courses. Some of the important questions they cite include: 

• Who are the students in the course, what is their background, and what 
are their goals? 

• What content will I teach? 
• From what standpoint, macroscopic or microscopic, will I approach the 

material? 
• What instructional methods will I use? 
• How will I handle the laboratory portion of the course? 
• What sort of assignments will I give? 
• How will I assess student learning? 
• How will I use computers and multimedia technology to facilitate 

student learning? 

Obviously, there are many "right" answers (and certainly some wrong 
answers) to these questions. To begin with, in a recent article, Zielinski and 
Schwenz suggested that instructors should focus on teaching a core group of 
subjects well. (6) That theme is also apparent in many of the chapters in the 
book. Some authors, such as Robert Mortimer and Arthur Ellis, also make this 
point and offer some general suggestions for the reader to consider. Other 
authors, including Gerald van Hecke and Peter Atkins, go further and provide 
specific recommendations for the content they believe should be covered. It is 
interesting that all of these authors, particularly Ellis, note the rising importance 
of nanoscience as a subject of instruction in physical chemistry. 

Since 1993, a tremendous amount of work has been done to study and 
evaluate methods of teaching physical chemistry. The various modes of 
learning and constructing knowledge as applied to physical chemistry have been 
summarized by Zielinski and Schwenz. (6) A teacher of physical chemistry who 
wishes to be effective should certainly be familiar with the literature concerning 
chemical education, particularly as it applies to physical chemistry. A very 
extensive review of this literature, expanding on the results of Zielinski and 
Schwenz, is provided in the chapter by Georgios Tsaparlis. 

While one is pondering the literature on physical chemistry education, it is 
worthwhile to think about the philosophy of chemistry as well. Eric Scerri 
presents a discussion of the implications of the philosophy of science on the 
teaching of physical chemistry. Often, physical chemistry is viewed as a means 
of reducing chemical behavior to physics. Eric Scerri points out the pros and 
cons of this viewpoint and their implications for chemistry education. 
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Student learning can be enhanced by several factors, including a 
demonstration of relevance to current research and improved methods of 
communicating the abstract concepts in physical chemistry. For instance, 
numerous examples in physical chemistry come from outdated experiments. 
Michelle Francl reports on her project to overcome this drawback by teaching 
students the fundamentals of physical chemistry using recent articles from the 
literature. 

To understand the basic steps of a chemical reaction a la Zewail or to 
understand the properties of nanoparticles, students must grasp the fundamentals 
of quantum mechanics. However, most students find this subject very difficult. 
David Gardner and George Bodner present a summary of their research on the 
teaching and learning of quantum mechanics at the undergraduate level. They 
conclude that students in quantum mechanics courses develop (or have 
developed by the time they enter the course) a mindset for performing numerical 
calculations. However, this mindset, they have found, comes at the expense of 
understanding concepts. 

Because computational chemistry models require critical thought about the 
system being modeled, the use of such models in the undergraduate chemistry 
curriculum can have strongly positive results. Exercises in computational 
chemistry can help students focus on the chemical concepts and the modeling of 
chemical systems, rather than the details of the mathematical operations. In her 
chapter, Theresa Zielinski describes the use of Symbolic Mathematical Engines 
(SMEs) in physical chemistry. SMEs perform the mathematical processesing, 
allowing students to focus on understanding the underlying concepts. Using 
S M E documents available at Theresa Zielinski's web page (7) or the Journal of 
Chemical Education SymMath web page (8) in your physical chemistry course 
might help alleviate the counterproductive problem-solving mindset found by 
Gardner and Bodner. 

Ideas for surmounting this challenge can be found in several other chapters 
in this book as well. Chrystal Bruce, Carribeth L. Bliem, and John M . 
Papanikolas describe a free software program that can be used for guided-
inquiry exercises into the behavior of gases, both real and ideal, and liquids. In 
their chapter, they describe open-ended assignments in which students must 
critically analyze the "results" of the simulation and compare them to 
experimental data. This approach nicely couples the mathematical formalism 
with the underlying molecular behavior. Similarly, Jurgen Schnitker describes a 
commercial software program that can model many more systems. As he notes, 
the simulation interface allows students to "experiment" and observe the effects 
of changing variables on their own, moving them away from "cookbook" 
exercises and permitting them to explore the relationships between state 
variables in different systems. Finally, Roseanne Sension follows with a 
description of a course at the University of Michigan that directly involves 
students in constructing and applying computer models to chemical systems. 
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This course emphasizes the thought process of building a model and also 
searching for situations in which the model fails or is inadequate. Clearly, these 
are important skills for our students to develop. 

We point the reader to numerous sources to find information on using 
molecular mechanics and ab initio calculations in the physical chemistry 
curriculum. First, Warren Hehre, who presented a talk at the symposium but did 
not author a chapter for this book, has written a comprehensive description of 
molecular mechanics and ab initio calculations. (9) An example of using 
computational chemistry to understand the role of chlorine oxides in 
stratospheric chemistry can be found in the Journal of Chemical Education. (10) 
Also, several workbooks are available with computational chemistry exercises 
for students to carry out. (11-13) 

Computational chemistry offers many advantages to teachers of physical 
chemistry. It can help students learn the material and develop critical thinking 
skills. As noted before, most students will probably use some sort of 
computational method in their chemistry careers, so it provides students with 
important experience. Furthermore, computational chemistry is much more 
accessible to undergraduate students than it was a decade ago. Desktop 
computers now have sufficient resources to calculate the properties of 
illustrative and interesting chemical systems. Computational software is also 
becoming more affordable. Students can now use computers to help them 
visualize and understand many aspects of physical chemistry. However, 
physical chemistry is also an experimental science, and computational models 
are still judged against experimental results. 

Emphasizing experimental physical chemistry is still incredibly important. 
Zewail's experiments opened the door to understanding chemical reaction 
dynamics on an entirely new level. In addition, theoretical understanding of 
nanoscience currently lags behind experimental work in some areas. Thus, it is 
necessary for students to receive a strong background in experimental physical 
chemistry. Given that it is now often easier to design and implement 
computational exercises than laboratory experiments, there is a danger that 
experimental physical chemistry could suffer. As one speaker at the symposium 
noted to one of us (MDE), he hoped that experimental physical chemistry would 
not be displaced by computational chemistry. 

Choosing laboratory experiments is always a difficult task for a physical 
chemistry instructor. One must balance the desire to have students complete 
exercises that demonstrate modern physical chemistry against the reality of 
limited resources. Although femtosecond lasers wil l probably never be found in 
the undergraduate teaching laboratory, it is still possible to have students use 
modern instrumentation. Sam Abrash has completed an excellent, thorough, and 
exhaustive review of physical chemistry laboratory experiments published since 
1993. In his chapter, you should be able to find exercises suitable for your 
pedagogical goals and available resources. 

Once you have chosen course content, you wil l want to think about how 
you will spend classroom time. Many professors use the traditional lecture, 
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sometimes supplemented with small-group work. However, in the past decade, 
there has been a growing movement toward active-learning strategies in the 
classroom. One of these methods is described in a chapter from Jim Spencer 
and Rick Moog about using Process-Oriented Guided-Inquiry Learning 
(POGIL) to actively involve students in the physical chemistry classroom. Their 
chapter contains an overview of the technique and an example of using it in the 
classroom; more details can be found at the POGIL web site. (14) Other guided-
inquiry processes, such as Physical Chemistry On Line (PCOL) (15) and peer-
led team learning (PLTL) (16) are described elsewhere. 

Assessing student knowledge is tremendously important to teachers of 
physical chemistry. Richard Schwenz explains the evolution of the A C S exam 
in physical chemistry and provides insight into the process by which questions 
are written. Whether or not you use the A C S exam in your courses, this chapter 
wil l help you formulate better questions of your own. 

Not all of the chapters in this book fit neatly into categories, but they are 
related to the main themes. Creighton University, as explained by HollyAnn 
Harris, has added a course on mathematics for physical chemistry and 
condensed the traditional two-semester physical chemistry sequence down to a 
single semester. This change has not led to decreased student learning, and it 
does allow for an increased focus on the concepts of physical chemistry in the 
course. Finally, Jim LoBue and Brian Koehler present an interesting argument 
for reversing the traditional order of topics in physical chemistry and discussing 
kinetics first. This approach has the advantage of starting with topics that the 
students have covered previously in general chemistry courses and then 
gradually increasing the difficulty of the mathematics. 

We hope that this book will serve as a "road map to the future" of physical 
chemistry education. It is a road map in the sense that there are many paths, 
most of which lead to the same destination. For instance, you might choose to 
help your students develop critical thinking skills by using S M E exercises in 
your course, or you might have students learn the fiindamentals using recent, 
relevant literature papers. The path you choose will depend on your background 
and strengths, your students, and the resources at your disposal. There is no one 
"right" answer, but we sincerely hope that reading this book will help you chart 
successfully your own course. You do not need to be encyclopedic and cover 
every topic. Rather, you just need to provide the students with the fundamentals 
and inspire them to learn on their own. So, where are we now and where are we 
going? Boldly into the future with more tools at our disposal and more 
knowledge of how our students learn. 
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Chapter 2 

What to Teach in Physical Chemistry: Is There 
a Single Answer? 

Gerald R. Van Hecke 

Department of Chemistry, Harvey Mudd College, 301 Platt Boulevard, 
Claremont, CA 91711 

Preview 

Few would be surprised with an answer of N O to the title 
question. Moreover, the answer "no" leaves us with the 
opportunity for discussion, agreements and disagreements. 
This article is a collection of impressions/recollections 
gathered from teaching physical chemistry for more than 35 
years. To inform you of the background for my impressions 
and probable bias, some personal data is included at the end of 
this article. 

Clearly you, the readers, have some background teaching 
physical chemistry and your background will undoubtedly 
influence your view of my comments. Do you teach?: 
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PChem at a PUI? Other? 
Junior year? Senior year? 
One semester? Two semesters? 
Is your order of order of topics?: Microscopic? 
Is your student audience: Chemists? 

Macroscopic? 
A mixture of Other? 
chemists/engineers? 

Of course I will not know your answer to these questions, but I assume the 
answers to these questions shape the nature of your course. 

M y remarks here will focus only on suggested course content and not on 
modes of presentation such as case studies, guided-inquiry, etc. I will not 
discuss the physical chemistry laboratory either. Modernizing the physical 
chemistry laboratory has been the subject of several recent meetings, a published 
book (/), and the chapter by Sam Abrash elsewhere in this book. 

M y remarks are organized as follows: 

• Guides to content 
• The irreducible minimum 
• An organization scheme for a modern physical chemistry course 
• Macroscopic topics 
• Microscopic topics 
• Summary 

The theme of my comments is that whatever your answers to the questions 
posed above, you cannot teach physical chemistry without taking into account 
your environment, that is, the context in which you teach. Moreover, you need 
to take into account your students and their preparation. But today, often 
overlooked are the constraints of your departmental and institutional goals and 
the goal for what future you are preparing your students. 

How then should the content of physical chemistry be guided by your 
student audience? 

Suppose your audience consisted of chemists only. The concept of a 
distribution coefficient is a topic that should definitely be discussed but is often 
not. If you have chemists and engineers, you cannot ignore heat engines; even 
for chemists alone discussions of heat engines could be omitted. Entropy can 

Guides to content 
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be introduced without invoking heat engines. Clearly, enzyme kinetics would 
be an area to be covered if your audience included biochemists and chemists. If 
biologists were in your class, a decent treatment of osmotic pressure would need 
to be presented. The single topics mentioned depending on the audience are 
minimal suggestions drawn from some larger theme, for example, distribution 
coefficients are a small but an important portion of phase behavior. The 
suggested topics are ones that should definitely be discussed depending on your 
audience but are often neglected. (Chemists and engineers always see a 
treatment of engines, though.) 

Why discuss distribution coefficients? Most everyone is familiar with the 
demonstration of iodine distributed between an organic and an aqueous layer. 
However, distribution equilibria are at the heart of many separation processes 
from liquid-liquid extractions to virtually every type of chromatography in 
which the distribution of the solute between the mobile phase and the stationary 
phase determines the effectiveness of the separation. In the practice of 
analytical chromatography, distribution coefficients are often called partition 
coefficients but the concept is identical, only the names have changed. The 
temperature dependence of a distribution coefficient is at the heart of 
temperature programming in gas-liquid chromatography (GC), and analyses of 
the temperature behavior depend on the heats of solution of the distributed 
solutes. Indeed, GC measurements have been used to measure heats of solution. 

As engineers still deal with heat flow and heat engines, you cannot avoid 
discussions of the Carnot cycle and heat engines. However, working fluids 
other than ideal gases, for example, elastomers, provide an interesting diversion. 
The Carnot cycle has been worked out for a rubber band, that is, an elastomer as 
the working substance. A l l the Carnot cycle conclusions can be derived using a 
substance that is far more visible (realizable) than an ideal gas. (2) 

If you have a class with biochemists, clearly the area of enzyme kinetics is 
practically mandatory. If biologists are mixed in with the biochemists, osmotic 
pressure is an important concept to cover carefully and a concept typically not 
well covered in general chemistry and in most physical chemistry texts or 
classes. A quick example: what is a 2 Osmolar solution of sodium chloride? 
Such concentration units are used when dispensing various saline solutions in 
hospitals. What is the origin of the unit? A 1 M NaCl solution dissociates into 
two ions that would double the osmotic pressure of a non dissociating solute. 
Thus, the 1 M solution of NaCl becomes a 2 Osmolar solution. Other examples 
abound - the bursting pressure of a cell relates to the osmotic pressure of the 
serum in which the cell finds itself. 

Guides to content: current and future preparation 

Student preparation is clearly important. The placement of physical 
chemistry late in the curriculum is most often justified by the argument that the 
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student would be inadequately prepared for the physics/mathematics 
requirements of the course before their junior or senior year. Personally I find 
this to be a bogus argument, one that does not give very much credit to the 
notion that students learn (best?) when motivated by a need to know. Our 
institution has taught physical chemistry to sophomores for more than 50 years, 
but more on that later. Obviously, you cannot ignore the students' preparation 
though you may need to make up for the lack of preparation in your course. If 
your course comes in the senior year, it is unlikely that any other course will 
depend on its content. If you teach the course earlier than the senior year, you 
should be aware of how the content can better inform other courses in the 
chemistry, perhaps even the biology curriculum. 

Guides to content: departmental and institutional goals 

The goals of your department must be taken into account. This is especially 
true if the course is part of a major. Is the department ACS-accredited and is the 
major path such that the student will be ACS-certified? These standards place 
restrictions on the extent and content of the physical chemistry course that meets 
these standards. Moreover, institutions themselves are placing large theme goals 
on courses within the institution. Many of these institutional objectives seek to 
acquaint the student with the influence of science on society and the influence of 
society on science. At Harvey Mudd our mission statement contains the phrase 
" . . . to understand the impact of their work on society." The intent is clearly 
present though I have to confess my practice is often too parenthetical and 
misses making a fuller impact. The second of the two objectives mentioned is 
all too often altogether overlooked. Consider for a minute how often the 
direction of science is determined by the funding available from the NSF, NIH, 
or the pressure of public opinion? To dwell on this point a bit longer, consider 
that every proposal submitted to the NSF and NIH (and increasing to other 
flinders as well) must include a section describing the broader impact of the 
proposed work. 

The previous points lead to the conclusion that physical chemistry cannot be 
taught in isolation. Those who teach introductory physical chemistry must take 
into consideration all of the mentioned factors ultimately to decide the course 
content. But further, I will make two assertions that are also cautions to all 
teachers of physical chemistry: 

1. The examples used to illustrate concepts need to be drawn from real world 
situations. Students want (and need) relevance. 

2. The wisdom of teaching your own expertise in the course is always 
questionable. 
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The first caution is probably intuitive and obvious. The second might be 
questioned. This caution stems from the assumption made all too often that we 
can at the drop of a hat speak eloquently on topics of personal great interest and 
experience. The difficulty is that when we address an audience of beginners, we 
often forget those little definitions of concepts and phrases that we struggled 
with on our first exposure to the subject. Assuming our listeners will just 
naturally understand those tricky parts is probably a very bad assumption. We 
can teach our expertise but we must remember to begin at the beginning without 
assuming any knowledge on the part of the listener. 

What content should be an irreducible minimum assuming 
a one-year course? 

Now comes perhaps a controversial part of this presentation. Course 
organizational schemes start from a microscopic view of matter and work 
toward the macroscopic or vice versa. Today working from the macroscopic to 
microscopic world view is more common, i f for no other reason than that is the 
way most physical chemistry textbooks are organized. It probably really does 
not matter which approach is used. I have used both but have settled on the 
traditional macro to micro approach to reduce chapter jumping in the text of 
choice. In the scheme below perhaps nothing is too exciting except that the 
nanoworld is a new player in our world view. The physics and chemistry of 
nanoparticles clearly seem different and will be a fertile field of study for a long 
time. This view was promoted at a recent A C S national meeting symposium on 
nanoscience in physical chemistry. As a parenthetical comment, I would prefer 
to promote the term nanoscience rather than nanotechnology. (3) 

An organizational scheme for a modern physical chemistry course 

Following the comment on macroscopic then microscopic views made 
above, a suggestion for the minimum topics to cover would be: 

Macroscopic 
Thermodynamics 

Laws, state variables, and mathematics 
Equations of state 
Equilibria: chemical, phase 
Transport properties 

Time-dependent processes 
Chemical kinetics 
Activated processes 
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Microscopic 
Statistical thermodynamics 
The nanoworld 
Quantum world 

A box 
H atom 
Chemical bonding 

Interrogation: spectroscopy 

Macroscopic views 

Consider the general area of laws, state variables and mathematics. When 
discussing these topics consider adding some enrichments. 

• 1s t Law total energy = internal + kinetic + potential energies of the 
system 

• The curse of A and thermodynamic changes 
• Why only pV work? Electrical and gravitational work? 
• What is in a name? Gibbs free energy, Free enthalpy, Gibbs energy, 

Gibbs potential 
• The dreaded partial derivatives and the bewildering exact differential, 

1-forms 

The first law and thermodynamic changes 

Introducing the first law of thermodynamics, the engineers do it right for 
they include the fact the system might have kinetic energy and potential energy 
besides internal energy. Most of the time our reaction flasks sit quietly on the 
table and do not move, thus having no kinetic energy, nor do they drop off the 
table with a potential change. Moving reactant product streams around a 
chemical plant however calls for consideration of kinetic and potential energy 
changes. Our pure chemistry majors should realize this but they would never 
know this from the treatment of the first law in any of today's common physical 
chemistry texts. 

What is a delta (A) but an excuse for teachers to be lazy? I call this the 
curse of delta. Too often delta is allowed to take on a life of its own without the 
student understanding that it symbolizes a change in some property between two 
different thermodynamic states. In fact as I write this piece I noted a colleague 
who referred to A G as a state function. The state function is G all right but delta 
just describes a process. How can a struggling student understand this crucial 
difference when as instructors we either, do not understand the difference 
ourselves, or continue to be imprecise in our use of language? Instead of delta 
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X would it not be more informative to write for a change of enthalpy, for 
example, i f i = initial and f = final, 

H(final temperature, final pressure, final composition) 
- H(initial temperature, initial pressure, initial composition) 

Even shorter H(T f, p f, composition f) - H(Ti, p i ? composition j) 
I shall expand this comment further. Let the process be an isobaric heating 

of a substance whose constant pressure heat capacity is known. 

f/'na' dH = H (Tfmal, p, composition) - H (Th1ilial, p, composition) = f - CpdT 
J"initial "'initial 

Clearly, this format takes more time to write, but consider the benefit to the 
student challenged to calculate an enthalpy change resulting from an isobaric 
and isoplethic heating. The expression itself tells the student what must be 
done, the initial and final temperatures must be known and an expression for a 
change in enthalpy depending only on temperature must be found because 
pressure and composition are constant. What does A H tell the student? Push 
this example further. 

H(Tami > P> composition) = H(TiM, p, composition) + CpdT 

In this format, we can discuss an absolute value of the enthalpy at the new 
(final) temperature as related to the enthalpy of the initial state and the energy 
(enthalpy) that had to be added to reach the final state. The fact that the 
enthalpies of the two states can have absolute values is clear from this 
formulation. Again, A H tells us nothing about absolute values of the state 
function enthalpy. If the initial state is considered the same, differences in final 
state enthalpies can be subtracted to obtain new changes in enthalpy. This is 
how "steam tables" are constructed and used. However, this method must be 
applied carefully. The initial state enthalpy can never be zero. Even at absolute 
zero the enthalpy is not zero but consists at a minimum of zero point vibrational 
energy and electronic energy. Many newer texts are writing state functions as 
absolute quantities forgetting that there must be a reference state from which the 
state function is measured. 

Work other thanpV 

Why not introduce electrical work while the ubiquitous pV work is 
introduced? Electrical work is important and the chapter on electrochemistry in 
any physical chemistry text depends on it. As chemists we overuse pV work 
examples that in fact we never really experience in the laboratory. Introduce 
different types of work in the first law. 
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The Gibbs potential 

The concept of chemical potential was developed by Gibbs as we all accept. 
Gibbs developed the notion of the chemical potential of an individual species 
first. Only later did he define the sum of these chemical potentials, essentially 
molar potentials, as the concept too many still call free energy, a term never 
used by Gibbs. (4) Just as kinetic energy and potential energy are different, so is 
the Gibbs (and Helmholtz) potential different from the "energy" terms internal 
and enthalpy. This is not the place to discourse on general work and potential 
functions, but the Gibbs potential and the Helmholtz potential are truly 
potentials while enthalpy and internal energy (U) are energies. (5). Helmholtz 
noted that the function called G was the difference between the total energy of 
the system, the enthalpy H , and the energy unavailable to the system given by 
the product of temperature and entropy TS. We know that difference as G = H 
- TS. This difference was clearly then the energy available to the system, or the 
energy free to cause a change. Actually, Helmholtz argued the basis of the 
maximum work that could be obtained. (6) Well, a potential is an energy 
available to cause a change. Unfortunately, the free energy view has dominated 
instead of the potential energy view. Students understand potential energies. 
We should emphasize the power of the potential point of view to the students. 
Just as the potential energy of a beaker on a table allows us to predict that it will 
fall to a lower potential energy if pushed off the table, the Gibbs potential allows 
us to predict the direction of a thermodynamic change. I emphasize the 
predictive power of G by using perhaps the most important thermodynamic 
derivative in the chemist's arsenal of equations 

An understanding of this derivative shows that the change in the Gibbs 
potential with temperature is the negative of the entropy of the state in question. 
A deeper insight is revealed noting that because the entropy of a pure substance 
always increases with temperature, the potential for change, G, decreases. How 
does free energy help the student appreciate the concept's predictive power? 
We as teachers of physical chemistry are often our students own enemies by the 
imprecise language we continue to use. 

Mathematical preparation 

The calculus phobia for physical chemistry is greatly overrated. However, a 
new movement in the mathematics community is important for instructors of 
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physical chemistry to understand. Mathematics curricula no longer, at least in 
their normal courses covering multivariable calculus, discuss what most of us 
learned as exact, perfect, or complete differentials. Instead the exact differential 
is discussed as the 1-form of the 0-form of a function of many variables. We 
should not be surprised at the blank look on our students' faces when we start a 
discussion with "as you should remember from the calculus, the exact 
differential is . . ." because they will not have ever heard the term before. If you 
have not talked with your mathematics colleagues on the approach they take to 
teaching multivariable calculus, such a conversation would be timely and should 
be informative. (7) Modern teaching of functions of several variables does 
emphasize the geometric character of the relationship between 0- and 1-forms in 
what we would have discussed as walks on a state function thermodynamic 
surface described by several variables. Thus, students today should be better 
prepared to visualize a change in a thermodynamic variable as a movement from 
one point on a surface to another point. For example, the surface for the Gibbs 
potential formed by the independent variables temperature and pressure. A 
change in G going in the temperature direction on this surface, holding pressure 
constant, that is along a pressure contour, is described by the entropy. 
Mathematically, the derivative mentioned above describes such a change. 
Regardless of 1-forms or exact differentials, however, the acceptance by faculty 
of student calculus/math phobia should be changed. Practically, a partial 
derivative is a change of only one variable at a time and students can learn this. 
If thermodynamic changes are related to walks on surfaces, the fear of the 
difference between common and partial derivatives can be banished. By 
accepting a student's claim to not understanding mathematics, we really 
undermine our subject. To be honest, how many of us truly understand the 
mathematical nuances of partial derivatives; yet, we glibly multiply, divide, and 
cancel partial derivatives to develop new partial derivatives? 

Equations of state 

Equations of state (EOS) offer many rich enhancements to the simple 
pV = nRT ideal gas law. Obviously, EOS were developed to better calculate p, 
V , and T, values for real gases. The point here is such equations are excellent 
vehicles with which to introduce the fact that gases cannot be really treated as 
point spheres without mutual interactions. Perhaps the best demonstration of 
the existence of intermolecular forces that can also be quantified is the Joule-
Thomson experiment. Too often this experiment is not discussed in the physical 
chemistry course. It should be. The effect could not exist i f intermolecular 
forces were not real. The practical realization of the effect is the liquefaction of 
gases, nitrogen and oxygen, especially. 

Probably the real reason EOS have been painstakingly developed is to 
calculate p, V , T properties of real gases for practical, that is, industrial 
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purposes. In the usual physical chemistry course calculations for changes in U , 
H , G , or A using even the van der Waals EOS have been reduced because of the 
mathematical difficulties integrating the pV term for changes of state. With 
modern mathematical packages such as Mathematica, M A T A B , or MathCad, 
calculations are virtually routine even if the necessary integration must be done 
numerically. A conclusion here is to do more meaningful problems. 

Again, with available computational packages, the scope of chemical 
equilibria can be greatly expanded. Phase equilibria are perhaps more important 
today than they ever was due to advances and the forthcoming necessary 
advances in materials needed for electronics, high temperature applications, and 
replacements for existing materials based on nonrenewable resources. 

Chemical equilibria 

The chemical processing world more often than not depends on 
understanding the composition of the mixture resulting from many simultaneous 
reactions. While solving for 10 compositions in a complex mixture used to be 
very difficult, again the modern mathematical packages, Mathematica, 
M A T L A B , or MathCad, for example, make such calculations possible in real 
time. Here again the suggestion is to use real world examples to illustrate the 
importance of chemical equilibria. Solving the necessary equilibrium 
expressions by minimizing the Gibbs potential of the total with respect to the 
extent of reaction (or degree of dissociation) of each component is an excellent 
way to reinforce the meaning of the Gibbs potential. Further, such a calculation 
illustrates how to find the minima in a multiparameter space, a calculation that 
can foreshadow finding conformational energy minima of a complex molecule. 
Another area for introducing multicomponent equilibria, is in the complex world 
of biological systems. I will do so myself as I become more familiar with such 
systems. The book by Alberty is a step in the right direction for all of us to 
become more knowledgeable in applying equilibrium thermodynamics to this 
important area. (8) 

Phase equilibria 

It is very hard to believe that one currently used physical chemistry 
textbook states in its preface that the phase rule is a relic of the 19 th century and 
deserves little emphasis today. Shame. The phase rule will still be viable and 
crucial long after many quantum calculations have come and gone for lack of 
agreement with experiment. A wonderful example of the use of the phase rule 
derives from protein crystallization studies. By simply noting the number of 
phases and melting behavior of the system, a prediction of the purity of the 
crystallized protein can be made. To ignore the phase rule is to ignore an 
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intellectual triumph of the 19 t h century. Probably the reason the phase rule is 
thought to be difficult to apply is that the notion of chemical components as 
different from chemical species is not understood well enough by users of the 
rule, including instructors. 

Too often, phase diagrams are shortchanged in a physical chemistry course. 
This too is a shame. Such diagrams are the lifeblood of materials science and 
increasingly phase diagrams of biological systems aid the understanding of 
successful formulations for drug delivery systems. 

Probably an example and problems derived from the carbon dioxide-blood 
buffer system in humans should be in every physical chemistry course. What a 
rich, complex example this is: from Henry's law for the solubility of carbon 
dioxide in water (blood) to buffer capacity, that is, the rate of change of the law 
of mass action with proton concentration. The example can be expanded to 
include nonideal solutions and activities. How many physical chemistry courses 
use this wonderful and terribly relevant to life example? First-year medical 
students learn this material. 

Why are isotonic drinks useful? Osmotic pressure in living systems is 
incredibly important; yet how often is the topic dismissed or merely discussed as 
a means to measure molecular weight of polymers? Why not consider polymers 
as biological macromolecules and add to the discussion that a balance of 
osmotic pressure keeps our cells from bursting - which goes back to why the 
isotonic sport drinks are useful? Relevance in the examples used in our courses 
is possible. 

Time-dependent processes 

Time-related processes truly encompass the real world for how many 
systems are at equilibrium. It is said that i f a human system reaches equilibrium, 
it is dead. Clearly time-dependent phenomena must be discussed in any 
physical chemistry course. 

Transport properties 

Transport properties are often given a short treatment or a treatment too 
theoretical to be very relevant. The notion that molecules move when driven by 
some type of concentration gradient is a practical and easily grasped approach. 
The mathematics can be minimized. Perhaps the most important feature of the 
kinetic theory of gases is the recognition that macroscopic properties such as 
pressure and temperature can be derived by suitable averages of the properties of 
individual molecules. This concept is an important precursor to statistical 
thermodynamics. Moreover, the notion of a distribution function as a general 
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concept can be made quite concrete with molecular speeds. The concept of a 
distribution function is one of the most fundamental in science and the 
molecular speeds distribution offers an excellent introduction to this concept. 
Of course the transport properties of gas viscosity and heat conductivity can be 
discussed much more extensively, especially when there are chemical engineers 
in your audience. 

Chemical kinetics 

The debate between thermodynamics and kinetics is never ending. Is a 
reaction or process fast enough or thermodynamically stable enough? The 
debate has no conclusion, but in the process the student should appreciate the 
questions to be asked and what approaches might be taken to answer the posed 
questions. Of course, in introducing kinetics, the traditional concerns about 
reaction order should be raised. The concerns should involve practical 
examples, however. Enzyme kinetics needs to be introduced and thoroughly 
discussed. The alternative is for students to see this material in biology courses 
sans any significant quantitative treatment. Other practical examples that should 
be featured instead of the tired example of the mechanism of HI production are 
polymerization reactions. Here synthetic or biological macromolecules can be 
used for examples. 

Perhaps the biggest oversight physical chemists make when discussing 
kinetics is the neglect of volume effects. To be sure any chemical engineer who 
would forget the influence of volume even in a constantly stirred tank reactor 
would not be long in the profession. The volume alone can affect the rate of the 
reaction. How many physical chemistry courses, or text books, point that out? 

Activated processes 

With discussion of chemical kinetics goes the energy of activation of 
chemical reactions. What is too often ignored is that many other physical 
processes are activated, that is, involve an energy of activation. Phase 
transitions are often sluggish because of the activation energy to initiate the 
phase transition. A simple, common example is supercooling. Viscous liquid 
flow is also an activated process and most fluids flow more readily at higher 
temperatures because heat bath energy is available to overcome the flow 
activation energy. Again these topics are very practical and relevant to everyday 
experiences. 

Perhaps a minisummary at this point should be that thermodynamics is too 
important and too practical to be cast aside or reduced in pursuit of bio X or 
quantum Y topics. The often used quotation of Einstein comes to mind here. 
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" A theory is the more impressive the greater the simplicity of 
its premises, the more different kinds of things it relates and 
the more extended its area of applicability." A . Einstein 

Microscopic views 

Statistical thermodynamics 

When introducing statistical thermodynamics, keep the discussion relevant 
and reduce the mathematics. The microscopic world deserves its fair shake in 
any treatment of physical chemistry and probably few would disagree with that 
sentiment. The question is how much and what? In a first course I have found 
that the introduction of statistical concepts through counting possible 
arrangements subject to constraints has generally worked for the students. How 
many ways can a fixed number of particles distribute their available constant 
total energy among the available energies? This treatment follows Hi l l (9). A 
goal of this effort is ultimately to reach the point where the Sackur-Tetrode 
equation can be used to calculate the entropy of a gas at an arbitrary temperature 
and pressure. Adding to the Sackur-Tetrode equation the expressions for the 
rotational and vibrational contributions to the entropy allows the calculation of 
gas phase entropies of real molecules for comparison with 3 r d law entropies. 
Students, at least the thoughtful ones, are usually amazed that the macroscopic 
approach and the microscopic approach converge on the same answer to within 
experimental error. Here, by the way, just presenting the relevant equations 
rather than deriving them has tremendous merits. Does anyone really need in a 
first exposure to the subject a laborious discussion of Sterling's approximation 
or the method of undetermined multipliers? Perhaps a most interesting but in 
some ways quite challenging direction to go in discussing statistical 
thermodynamics is its application to model biological systems. An area that is 
accessible to students would be models of adsorption applied to enzyme lock 
and key mechanisms. (10) 

The nanoworld 

What may be a "brave new world" with which to inform and challenge our 
students? The nanoworld. This is a real and present challenge to provide the 
best information possible. What this means is that we need to do our best at the 
time, to incorporate the principles that seem to dictate the behavior of 
nanomaterials into our physical chemistry courses. (Notice in this discussion 
other than right now the word nanotechnology will not be mentioned.) 
Nanoscience and nanochemistry are phrases we should be using to discuss this 
area. Here again we as chemists are our own worst enemies by not presenting 
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the subject as fundamentally chemistry. To beginning students we risk 
obscuring the fact that to pursue studies in this field, chemistry not 
nanotechnology is a very fruitful, i f not the best preparation. Enough. What is 
this nano field? The state of matter between the length scales of 1 to 100 nm, 
length scales that encompass from a single molecule to a solid. 
Macromolecules, whether synthetic or natural, fall in this length scale and 
become then excellent first exemplars of this world's properties. Atomic 
clusters of species such as gold are other good examples, particularly in terms of 
the different behaviors, different melting points, self-assembly, often observed 
in such systems. Carbon nanotubes have a very high electrical conductivity, and 
the explanation for this phenomenon lies in some mixture of macro and micro 
views of matter. Because the theoretical explanation of physical properties on 
these length scales is still developing, discussing the nanoworld in our physical 
chemistry courses will by necessity be qualitative for some time but discuss this 
world we must. (3) 

The quantum world 

Approaching the quantum world, content wil l likely be introductory. At the 
introductory level mathematical derivations should be at a minimum. The 
restrictions and meanings of the results are far more important. 

The particle in a box 

In introducing the quantum world we should focus on a minimum set of 
topics rather than trying to cover the entire subject in a first exposure. Quantum 
is an area that is all too often over-emphasized in beginning physical chemistry 
courses. Context should be a guide to coverage. How much time is possible for 
coverage? Wil l the student have the opportunity to see more advanced 
treatments? Does your coverage follow an inorganic chemistry course where all 
too often a major portion of the course introduces the Schrodinger equation, its 
H-atom solutions, the aufbau principle for the periodic table, and molecular 
orbital theory? With what level of mathematical sophistication are your 
students comfortable? In introductory quantum, probably too much emphasis is 
placed on the derivations. Forget them. Present the results and what they mean. 
Derivations can come during a more advanced course or through independent 
study by the interested student. A reasoned approach is to make sure the 
concepts of quantization and the origins for quantization are introduced. Believe 
or not, the particle-in-the-box example is probably the best vehicle to introduce 
these concepts. The particle in a box is still a viable model to introduce 
quantum effects arising from confining potentials, boundary conditions, 
quantum numbers, probability density, energy states, zero-point energy, and the 
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correspondence principle. Perhaps no single model can introduce all of these 
fundamental quantum ideas as well without a considerable mathematical burden. 

The H atom and chemical bonding 

Where to go from the particle in a box? Largely what occurs next depends 
on time available. I have found that generally not discussing rotational and 
vibrational energies but going directly to the hydrogen atom works. After all, 
chemists deal with molecules not rigid rotors. Rotational and vibrational energy 
treatments are important for spectroscopy, which means the amount of 
spectroscopy to be covered may require more time discussing these topics. 
However, it is still probably better to discuss the quantum mechanics of rotators 
and vibrators when faced with explaining spectra based on these motions. 

Because chemists are interested in molecules, going directly to molecules 
and molecular orbital theory is not a bad direction. However, this direction 
needs a stop at the hydrogen atom. Going to the H atom from the particle in a 
box allows discussion of real systems, and introduces angular momentum, 
energies subject to a binding potential, the quantum numbers of atomic orbitals, 
and of course, our model for single electron orbitals. These concepts are 
necessary to discuss any bonding, from valence bond theory, valence electron 
pair repulsion theory, and molecular orbitals. The introduction of molecular 
orbital theory would naturally come next. However, perhaps a heretical notion 
is immediately to use commercially available programs for calculating energy 
structures and not spend a great deal of time explaining how they work. Spend 
time instead with bench mark calculations to show how well the programs agree 
or do not agree with experiment. Modeling calculations are becoming better and 
better and virtually commonplace today. Time spent on learning their uses and 
limits is likely better than some advanced discussion on the whys of density 
functional or Hartree-Fock theory. 

Interrogating quantum: spectroscopy 

Interrogating the quantum world is done using photon probes through 
spectroscopy and light scattering. However, all too frequently time is spent 
introducing exotic forms of spectroscopy, usually those favored by the 
instructor, rather than an introductory overview of the connection between the 
energy levels provided to us by quantum methods and the differences between 
those energy levels provided to us by spectroscopy. Spectroscopy provides the 
opportunity to draw together the energy scales of our physical world in a 
rational picture. Potential energy surfaces offer the means to tie many 
spectroscopic concepts together. By noting the energy differences between the 
potential energy surfaces that describe the ground and excited electronic energy 
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states of molecules, and the energy differences between the vibrational and 
rotational energy levels of molecules, scales of energy can be made much more 
concrete. The connection between single point molecular orbital calculations 
and the development of potential energy surfaces should be made explicit here. 
Use of potential energy surfaces with vibrational, then rotational energies 
superimposed on these surfaces, can make energy scales seem much more real 
and pertinent. At this point solutions to SchrGdinger's equation for vibrational 
energy especially become much more understandable from a relevant point of 
view. Discussions of spectroscopy beyond simple electronic (if there is 
anything simple about electronic spectra), vibrational, and vibrational-rotational 
are probably best left to a specialized spectroscopy course. This is especially 
true of N M R . Fluorescence spectroscopy should be mentioned if for no other 
reason that it experimentally represents an emission spectroscopic technique 
rather than an absorption one. How detailed spectroscopy is discussed using 
term symbols to describe electronic states probably depends on the student's 
knowledge of group theory. 

Summary 

M y final remarks are a summary and a challenge. The content of the 
physical chemistry course cannot be determined by the instructor based on 
instinct or favorite topics. The subject matter needs to be shaped by the 
constraints: 

• The students, their goals and preparation 
• Departmental and institutional goals 
• Relevance and usefulness 
• Preparation for subsequent courses 

The course content suggested here should be held to the metric of the 
practical and relevant. The placement of physical chemistry in the senior year 
reduces the subject to one to be endured and not learned and does a serious 
injury to the intellectual development of the student. By placing the course so 
late in the curriculum, explanations in organic, inorganic, etc. are based on the 
famous handwave model or the admonition of wait to physical chemistry 
arguments. Moreover, the late placement of physical chemistry in the 
curriculum also reduces the possibility of exciting students to study physical 
chemistry. That is truly a sad circumstance and represents a challenge that 
instructors of physical chemistry should work to change. 

So in the future, where are we going? Hopefully, we can proceed along the 
lines suggested above and not in the direction of letting math phobias or the 
presumed needs of bioscientists dictate the curriculum. Moreover, the trend to 
one semester courses, or specialty courses for the life sciences, needs to be 
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resisted. Physical chemistry is a fundamental discipline that seeks to provide the 
quantitative explanation for chemical phenomena. It should be treated with 
respect and taught with care. 
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Chapter 3 

Decisions in the Physical Chemistry Course 

Robert G . Mortimer 

Professor Emeritus, Rhodes College, Memphis, TN 38112 

A physical chemistry instructor is faced with a number of 
decisions: the goals and objectives of the course, the level of 
presentation, the choice of textbook, what topics to include, 
the sequence of topics, the balance between fundamentals and 
applications, the amount of homework to assign, the use of 
classroom time, and so forth. Of the students in the class, only 
a small fraction might intend to become physical chemists. 
The physical chemistry instructor must make his or her 
decisions in this context. 
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Decisions, Decisions 

The predecessor of this volume appeared in 1993, and covers a variety of 
topics. (1) The present volume also contains various schemes for improving the 
physical chemistry curriculum, as well as new suggestions for the laboratory 
portion of the course. There have been other workshops and meetings, including 
a workshop on curricular developments in the analytical sciences sponsored by 
the NSF and chaired by Prof. Ted Kuwana of the University of Kansas. (2) You, 
the teacher of physical chemistry must decide how to apply this large amount of 
information and the physical chemistry knowledge that you already possess. 
You should make these decisions consciously, based on the situation that you 
face and on your goals and objectives for the course. This essay is primarily an 
attempt by a retired professor of physical chemistry to comment on some of the 
decisions he has made in a career of four decades. 

Goals and Objectives 

Your first decision involves the ultimate goals that you envision for your 
physical chemistry class and the specific objectives you want them to reach in 
order to work toward these goals. These goals relate to the development of your 
students' mental abilities and their mastery of physical chemistry. The mental 
discipline involved in learning any subject is valuable to a student, but this 
discipline cannot be learned in the absence of subject matter. Physical 
chemistry contains mathematical, theoretical, conceptual and descriptive 
aspects, and provides a coherent body of knowledge that is well suited to foster 
this mental discipline. A l l parts of physical chemistry cannot be included in a 
two-semester course, and you must decide what to include or exclude. Your 
decision will be informed by your goals for the course and by the population of 
your class, but the fact that a particular student will likely never use Raman 
spectroscopy does not mean that learning about Raman spectroscopy is of no 
value to him or her. A few decades ago some people might have thought that 
learning about nuclear magnetic resonance would have no value to a future 
physician. 

A possible set of goals for a physical chemistry course might be that the 
students would be able to: 

• Understand chemical and physical theories 
• Apply theories to specific applications 
• Organize knowledge into a coherent whole 
• Analyze a problem and devise a solution scheme 
• Apply mathematics to solving problems 
• Compete in a global economy 
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• Work in a group 
• Plan a laboratory experiment 

Many of these goals would be the same for a course in any subject, and the 
students should learn that the value of any course goes beyond mastery of its 
subject material. B. F. Skinner once wrote, "Education is what survives when 
what has been learned has been forgotten." (3) 

Once you have your goals in mind you need to decide how best to assist 
your students in achieving these goals. This involves designing specific 
measurable objectives for the course, which should be chosen so that you can 
assess the extent to which the students have achieved these objectives during the 
course. A few possible objectives might be for the students to: 

• Be able to apply new descriptive chemical information 
• Be able to give organized oral presentations 
• Be able to write coherently 
• Be able to assemble laboratory apparatuses 
• Be able to carry out laboratory manipulations 
• Be able to carry out an error analysis 

The Population of Your Physical Chemistry Class 

Once you have your objectives in mind, you must analyze the population of 
your physical chemistry class in order to plan the accomplishment of your 
objectives. Most of your students will not become physical chemists. In a 
career of four decades, I worked with hundreds of physical chemistry students. 
Among these former students, I can now identify only a handful of professors of 
physical chemistry. There are several professors who teach other chemical 
subjects and a few high-school teachers. Those who work in industry work 
mostly with organic, analytical, or polymer chemistry. The largest group of my 
former physical chemistry students is made up of physicians and other health 
care workers. 

You should evaluate your students' preparation for the physical chemistry 
course. Most people agree that today's students are less well prepared than 
students of a few decades ago, but the students still come to you with widely 
varying preparation and abilities both in mathematics and in chemistry. 
Furthermore, their proposed career paths do not necessarily correlate with their 
preparation. I found it helpful to pass out a take-home orientation quiz on the 
first day of class. This quiz contained a few mathematics problems, a few 
physics and chemistry questions, a request for a list of all of the science and 
mathematics courses taken, and a request for a statement of the student's 
proposed career. Analysis of the students' responses could be used in planning 
the course. 
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The preparation for physical chemistry laboratory is a little harder to judge. 
Today's students seem less experienced in working with their hands than 
students of a few decades ago, except in the area of video games. I have used an 
initial experiment in which the students were required to carry out three simple 
measurements after assembling simple apparatuses, a technique that I learned 
from Ed Bair at Indiana University. Close observation of the students as they 
carry out such an experiment gives some information about their aptitude. This 
experiment also provided the opportunity to discuss data reduction, error 
analysis and report writing at the beginning of the course. 

Once you have designed objectives for your course and have determined 
what you can about the students in the class, you have more decisions to make. 
These might include the following: 

• How much time to spend on the course 
• The general approach of the course 
• Topics to include or exclude 
• The order of topics 
• How to use class time 
• How to relate to your students 
• What kind of homework to assign 
• Whether to give frequent quizzes 
• How many and what kind of examinations to give 
• How to determine grades 
• What classroom tools to use 

Time 

You have other things to do and must decide how much time you can spend 
on your physical chemistry class. You might have a number of research 
students working with you who need guidance. You might need to write a new 
grant proposal. You have other assignments such as student advising, 
committee work, department administrative work, and so on. However, you 
should not place your physical chemistry course at the bottom of your list of 
priorities. 

The Approach of the Course 

You will have to decide whether to use a mathematical approach or a more 
conceptual or heuristic approach. The students in the United States of America 
are now less well prepared in mathematics than were the students of a few 
decades ago. This provides an incentive to make your physical chemistry course 
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less mathematical and more conceptual, and this might be appropriate for 
students who do not intend to become physical chemists. However, I believe 
that mathematics is the most important tool of physical chemistry, and that the 
ability to use mathematics will make your students more able to compete 
globally in the "flat world." (4) 

You will have to decide what to do i f your students' mathematical 
preparation is inadequate for the approach that you choose. You might decide to 
discuss mathematical topics with the entire class, as the topics are needed. You 
might decide to offer some mathematics help sessions outside of the regular 
class meetings. You might decide to refer students to one of the books that are 
available. (5) In any event, once you have decided on the level of mathematical 
sophistication that you want your students to achieve, you must help them to 
achieve it. 

Choice of Topics 

Physical chemistry has been described as "everything that physical chemists 
happen to be interested in." You cannot cover all of it in two semesters, but a 
typical course might contain the following general topics: 

• Descriptive behavior of gases and liquids, 
• Thermodynamics and its applications 
• Dynamics, including gas kinetic theory, transport processes, and chemical 

kinetics 
• Quantum mechanics, including atomic and molecular structure 
• Spectroscopy 
• Quantum statistical mechanics 

There are other topics that might be considered, such as solid state theory 
and classical statistical mechanics. You must decide how much time to spend on 
each of your chosen topics. You can identify subtopics that you might omit or 
to which you can give only an introduction. One of the difficult decisions 
involves how much to teach about your own research area. You are obviously 
excited about this area, and will be tempted to spend too much class time on it. 
Another difficult decision is how much time to spend on topics of current 
interest such as nanomaterials and environmental chemistry. Your decisions 
should be guided by the composition of your class. If the class has a lot of 
premedical students and biochemistry majors in it, they are probably well served 
by a thorough treatment of thermodynamics and dynamics, and perhaps less well 
served by a thorough treatment of quantum mechanics and statistical mechanics. 
If the class is mostly composed of future chemistry graduate students, quantum 
mechanics and statistical mechanics are more important. 
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You must also decide how to approach computational chemistry. Many 
software packages are now available that allow the user to make sophisticated 
calculations without a detailed knowledge of the underlying theory. However, it 
is not productive of learning to let the students use the software as a "black 
box." You must decide how much of this theory to present and how to present it 
so that the students can appreciate what their calculations mean. 

The Sequence of Topics 

There is an accelerating movement to place quantum mechanics and 
spectroscopy in the first semester, with thermodynamics and kinetics in the 
second semester. If all students take both semesters, this is not a bad idea, 
especially for future physical chemists. However, many colleges and 
universities require biochemistry or chemical biology students to take one 
semester of physical chemistry, and some of these colleges do not offer a 
separate one-semester course for these students. If a separate one-semester 
course cannot be offered, it is probably better for these students to place 
thermodynamics and dynamics in the first semester. I have seen one college 
catalog that specifies one semester of the standard physical chemistry course for 
biochemistry majors. This requirement was probably set up when 
thermodynamics and dynamics were taught in the first semester. However, the 
physical chemistry course at this college now has quantum mechanics and 
spectroscopy in the first semester, leaving the biochemistry students without 
instruction in thermodynamics and dynamics. 

The placement of statistical mechanics in the sequence is another issue. I 
think that careful treatments of thermodynamics and quantum mechanics should 
precede the presentation of statistical mechanics. This can be accomplished 
with thermodynamics in the first semester, quantum mechanics in the second 
semester, followed by statistical mechanics near the end of the course. If 
statistical mechanics is taught before thermodynamics or quantum mechanics, 
you must either provide a brief introduction to some of the concepts of these 
subjects at the beginning of the treatment or integrate it into the treatment. 

Use of Class Time 

At one time, most college and university courses were taught as lectures, 
with students passively taking notes while the professor did all of the talking. 
Such an approach stimulates little student engagement and provides the 
instructor with little constructive feedback. There are other approaches that are 
more productive of learning. In one approach the class is divided into groups in 
which students work together during class time and are asked to report on the 
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work of the groups. It is hoped that one or more of the students wil l act as 
mentors for the other students in the group. Another approach is to use what 
used to be called the "Socratic method," which means that the teacher and the 
students carry on a dialogue driven by questions posed by the teacher. If you 
work out example problems in class, student involvement is increased i f the 
students know that they can be asked to carry out steps in the solution or to 
figure out what the next step should be. You can also ask the students to work 
problems in class, either individually or in groups. 

Relating to Your Students 

There are several possible models for relating to your students: You might 
be a "boss," a "coach," an "older friend," an "uncle," or a "buddy." As a 
beginning teacher many years ago, I subscribed to the "boss" model. I wore a 
coat and tie to class and called the students "Mr. Smith" and "Miss Jones." The 
students eventually asked me to call them by their given names, and I have tried 
since then to follow the "coach" model. It is important to build a genuine 
rapport with the students and let them know that you are genuinely interested in 
them, collectively and individually. However, it is probably a mistake to adopt 
the "buddy" model and to encourage the students to call you by your given name 
and "hang out" with them socially. You will have to decide how best to remain 
approachable but not be on the students' level. You should provide adequate 
office hours for individual and group consultations, and you might decide to tell 
the students that you will talk to them outside of your office hours whenever you 
are available. The important thing is to let them know that you care about their 
learning and that you and the students are on the same team. 

Classroom Tools 

You must decide how to use the classroom tools that are available to you. 
Not many years ago, the only such tools were chalkboards, overhead projectors, 
and demonstrations. Many classrooms are now equipped with a computer and 
an associated projector. Some professors prepare slides that contain everything, 
including equations, so that they do not write on the chalkboard at all. This 
"canned" approach could encourage students to be passive and to regard the 
presentation as proceeding as though the students were not present. A better use 
of the computer and projector is to show slides to illustrate specific points and to 
carry out real-time simulations. Graphs can be created with values of 
parameters that are chosen by the students. Software packages such as Spartan 
and CAChe are sufficiently rapid that molecular modeling can be carried out in 
real time, allowing students to choose different molecules and different displays. 
Old-fashioned demonstrations can also be valuable. Building an electrochemical 
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cell in front of the students can illustrate some electrochemical principles. A toy 
gyroscope can illustrate some things about angular momentum as it precesses in 
the earth's gravitational field. The Journal of Chemical Education has a regular 
feature on tested demonstrations, and its website lists a number of books 
containing demonstrations. 

In addition to these tools, many useful tools are available on the internet. 
There are such things as programs that will solve the Hiickel equations on line, 
(<5) provide information about the elements, (7) and so forth. Various computer 
programs are available from the Journal of Chemical Education. 

Examinations and Quizzes 

Exams and quizzes can be tools to increase student learning as well as a 
means to evaluate the students' progress. It is probably a good idea to have 
several examinations during a quarter or semester. The traditional mid-term 
plus final system probably places too much information on one examination and 
penalizes a student too much if he or she has a bad day. Some professors omit 
the lowest examination score from the computation of the grades, but I have 
never done this, because it might make the students think that they can take a 
chance and fail to prepare for one examination. You might decide to have a 
variety of examination types. If your institution has an honor system, you can 
include take-home examinations, either closed book with a time limit, or open 
book with no time limit. For an in-class examination, you might want to allow 
the students to bring one sheet or one half-sheet of equations to the examination. 
I have had students tell me that after making up such a sheet they didn't need to 
use it in the examination. One thing that I have done is to write out complete 
solutions for an examination and to hand them out at the end of the examination. 
The students are more interested in the correct answers then than at any other 
time, and almost all of them will look closely at the correct answers. For a small 
class you might want to try individual oral examinations. The students are 
nervous prior to an oral examination, but afterwards usually say that it was a 
valuable learning experience. 

Sometimes students complain that a 50-minute class period is too short for a 
meaningful examination, so it might be possible to schedule an examination in 
the evening or on the weekend and allow 90 minutes or longer for the 
examination. This also frees up a class period that otherwise would be used for 
the examination. You might want to use this class period for a review and 
problem session prior to the examination. During this period you can pose 
problems similar to those that will be on the examination, and can watch the 
students work them on the chalkboard or on paper. 1 have even scheduled such 
problem sessions outside of the regular class period, with optional attendance. 

You will have to decide whether to give frequent quizzes and how much 
weight to give quiz scores on the final grades. You might decide to give a quiz 
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at the beginning of the class period to encourage students to read the relevant 
material prior to coming to class. You might decide to give a quiz at the end of 
the class period to see whether the material covered that day has been absorbed. 
You might want to let the students know in advance when a quiz will be given, 
or you might want to give unannounced "pop-quizzes." If you give quizzes, you 
should try to determine whether they are valuable to the students. I have had 
classes in which even the better students didn't bother to prepare for quizzes, 
thinking that their examination scores would counteract any low quiz scores. 

Homework 

You must decide how much homework to assign and what kinds of 
problems to assign. It is probably a good idea to assign a mixture of types of 
problems. The students might complain about problems that require them to 
carry out derivations, but these can be valuable. "Plug and chug" problems do 
have value, but problems that require devising the solution scheme or working 
out a derivation are probably more valuable. If some of the problems are easier 
than other problems, the students can do the easy ones first and gain some 
confidence and momentum. Most textbooks include a good selection of 
homework problems, but you might also want to make up your own problems, 
especially if you think that homework solutions from previous years are 
available to the students. It is a good idea not to assign the same problem two 
years in a row. 

You must decide whether to have the student turn their homework in. If the 
homework is not turned in, you must convince the students that doing the 
homework will help them with the examinations. If the homework is turned in, 
it should be graded. In a small college you probably have no student assistant to 
assist with the grading. I graded homework laboriously for many years, and 
finally decided that it was not a good use of my time. After that I put out a 
complete solution to each set of homework the day before it was due and had 
each student grade his or her own paper. The students were required to turn 
their papers in for inspection and recording of the score. This procedure seemed 
to give the students more benefit from doing the homework than handing it in 
for grading, because they could see their errors as they graded their papers. 

Grading 

Most of today's students are very grade-conscious, and you must be careful 
to have a fair system. If the physical chemistry laboratory is combined with the 
lecture as a single course, you must decide how much weight to give the 
laboratory course. If the homework is turned in and graded, you need to decide 
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how much weight to give the homework. If you give four examinations during 
the term and give a final examination, you might give the homework the same 
weight as one in-term examination and to give the final examination twice this 
weight. If you give quizzes, you must decide how much weight to give the 
quizzes. 

Once you decide these things, you must decide how to translate numerical 
scores into letter grades. A variety of options exist, such as 90/80/70/60 or 
grading on a curve. Grading on a curve has the unintended effect of penalizing 
students who work together. A fixed grading scheme has various advantages, 
especially i f you intend to use group work as a pedagogical approach. It is not 
necessary to adhere strictly to the 90/80/70/60 set of cutoff points. M y 
preference was to give difficult examinations and to have lower cutoffs. I would 
announce the grade cutoff points at the beginning of the course, but would 
announce that I could lower the cutoff points at the end of the semester, but 
would not raise them. 

The Physical Chemistry Laboratory 

The physical chemistry lecture and laboratory might be parts of a single 
course. They might be separate courses taught by the same professor or by 
different professors. The physical chemistry laboratory might also be part of a 
combined laboratory course involving physical chemistry, analytical chemistry, 
and inorganic chemistry. In any case, you must decide how to make the 
laboratory and the lecture course work together to maximize student learning. 
The selection of the experiments requires difficult decisions. There is value in 
the traditional experiments that reinforce standard lecture topics, and there is 
value in experiments that relate to more modern techniques. The experiments 
that require considerable data reduction seem to be the most valuable. You will 
have to decide how to schedule the experiments. There is value in having the 
students carry out an experiment when they are studying the related theory in the 
lecture and in having all of the students do the same experiment at the same 
time. To do this, it might be possible to have students schedule instrument time 
outside of the regularly scheduled physical chemistry laboratory period. If you 
have a budget for apparatus, you must decide how to use it. It might be possible 
to buy equipment that enables you to have several groups of students doing the 
same experiment at the same time. 

You wil l have to decide how to structure the laboratory. There is some 
value in having students work in pairs or teams of three, but there is also the 
danger that one of the students will do most of the work. You will have to 
decide whether to have the students set up the apparatus. I have had students 
break some expensive apparatuses, but they need to learn to set up an 
experiment. You will have to decide how many experiments to include. My 
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plan was to schedule two periods for each experiment. The first period was for 
setting up the apparatus and taking the data. The first part of the second period 
was used for a group discussion of the data reduction, the error analysis, and the 
report writing and the rest of the period was used for calculations and report 
writing. Students seem to find error analysis difficult, but it is valuable to them 
and you will have to decide how much error analysis to require. You will need 
to decide what kind of laboratory reports to require. The writing of laboratory 
reports is an opportunity for students to improve their writing skills. Resources 
are available to help develop this skill. (8) There is value in having students 
write reports in the same format as a manuscript for a scientific journal, but this 
is time consuming and you might choose to require briefer reports. 

With the pressure to find enough time for all of the topics in the lecture 
course, you might decide to move some topics from the lecture course into the 
laboratory course. For example, you might not include polymer chemistry in the 
lecture course, but might include a polymer experiment in the laboratory, along 
with some discussion of polymer chemistry. You might also decide to include 
computational chemistry and molecular modeling in the laboratory course 
instead of in the lecture course. 

The Choice of a Textbook 

There are a number of good choices, but you will not be completely 
satisfied with any textbook. I was not even completely satisfied when I used a 
textbook that I had written. You will probably choose a textbook that is 
compatible with your sequence of topics. There is at least one popular two-
semester textbook that begins with quantum mechanics. (9) Most of the one-
volume textbooks begin with thermodynamics but can accommodate different 
sequences. There are now physical chemistry textbooks that come in two or 
even four volumes, which provides for flexibility. In making your choice of 
textbook, you should consider clarity of presentation for the student. Because 
you are already familiar with the subject, this can be hard for you to judge. I 
once chose a textbook that seemed perfectly clear to me, but was not at all clear 
to the students. Next, you should consider the approach of the book. If you 
want to teach a more mathematically based course, you will probably decide to 
choose a textbook that uses this approach and not simply plan to provide 
supplementary information in class. 

Summary 

You have a lot of decisions to make in teaching physical chemistry. The 
most important decisions involve achieving the course objectives and fitting the 
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course to the students' needs. Probably the main thing to remember is to let the 
students know that you care about them and their education. 
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The physical chemistry curriculum can be continuously 
updated by incorporating results from cutting-edge research 
and technology into undergraduate classrooms and 
laboratories. Strategies that facilitate this integration of 
research and education are discussed and illustrated using 
examples drawn from nanoscale science and engineering. 
National Science Foundation programs that support such 
efforts are described. 

A general objective for our educational enterprise should be to imbue it with 
the same vitality that we take for granted in our research enterprise. This can be 
accomplished by continuously taking the fruits of research and technology and 
moving them into the curriculum. As a foundation course for preparing the 
future technical workforce in the chemical sciences, physical chemistry is well 
positioned to provide leadership for creating such a dynamic coupling of 
research and education. The emerging multidisciplinary field of nanoscale 
science and engineering provides a compelling platform for developing new 
paradigms for a dynamic physical chemistry curriculum. 

The National Nanotechnology Initiative was launched in 2000 by President 
Clinton and followed in 2003 by the 21 s t Century Nanotechnology R & D Act that 
was signed into law by President Bush (/). Our planned federal investment of 
approximately four billion dollars over a four-year period is not unique. Similar 
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investments are being made worldwide and reflect a global awareness that 
nanotechnology holds tremendous promise as the basis for future technological 
developments. 

Much of the excitement over nanotechnology lies in the new science that is 
being discovered and the new tools that allow us to manipulate matter at the 
nanoscale, including individual atoms. A website has been established through a 
National Science Foundation-supported Materials Research Science and 
Engineering Center (MRSEC) at the University of Wisconsin-Madison to help 
move these ideas into educational and outreach venues (2). A video laboratory 
manual is available on the website that provides step-by-step instructions in the 
form of videoclips. 

In the nanoscale regime, the role of defects becomes more pronounced, 
quantum effects can dominate systems, and transitions to bulk and ensemble-
averaged properties can be investigated. These represent important concepts that 
can readily be incorporated into the physical chemistry curriculum. For 
example, nanoscale samples of gold represent a multitude of new allotropes of 
this element. A simple synthesis of gold nanoparticles is available for use as a 
physical chemistry laboratory experiment and illustrates the striking change in 
color for this element when only nanoscale clusters of gold atoms are present (J). 
Once prepared, these samples can be used to explore optical polarization effects. 
It is noteworthy that there are substantial synthetic challenges: given that the 
properties of gold nanoparticles depend markedly on their size and shape, we do 
not know yet how to create gold nanoparticles of arbitrary dimensions in high 
yield. More research is needed and these experiments might be extended to 
explore synthesis-structure-property relationships. 

Similar educational opportunities abound for carbon. The diamond and 
graphite allotropes of carbon have been mainstays of chemistry classes for 
generations of students and provide a contrast between a three-dimensional 
structure of great hardness and a two-dimensional structure with lubricant 
properties, respectively. We now have what can be regarded as zero- and one-
dimensional counterparts - buckyballs and carbon nanotubes, respectively - with 
their rich diversity of structural relatives and physicochemical properties (4). 
These materials are being employed in a variety of nanoscale devices because of 
their unusual chemical, mechanical and electrical properties. 

Interesting physicochemical properties of nanoscale materials are not 
restricted to chemical elements. It is easy to prepare nanoparticles of magnetite 
by combining ferrous and ferric chloride, ammonia, and water (5). Addition of a 
surfactant produces the visually striking ferrofluid: a magnet placed beneath a 
puddle of ferrofluid produces remarkable spikes. Technological applications of 
ferrofluids include making seals for high-speed computer disc drives. Quantum 
dots of CdSe can also be prepared in a physical chemistry laboratory (6). These 
dots emit colors across the visible spectrum based on their size and provide an 
engaging introduction to both nanobiotechnology and to the "particle in a box," 
a staple of the physical chemistry curriculum. 
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Light emitting diodes (LEDs) provide extant commercial examples of 
nanotechnology that can be introduced into the physical chemistry curriculum. 
LEDs are revolutionizing lighting and display technologies (7). The 
semiconductors comprising these devices can be grown virtually an atomic layer 
at a time to create particle-in-a-box quantum structures that produce light at high 
efficiency at wavelengths determined by the dimensions of the box. Another 
means for controlling the color of the light is to prepare solid solutions using the 
periodic table as a design tool. 

Tools that are emblematic of nanotechnology are the scanning probe 
microscopes (8). Their ability to image individual atoms and to position them 
has opened entirely new vistas in nanoscale science and engineering. Use of 
scanning probe microscopes to create nanoscale architecture like the "quantum 
corral" has directly revealed the wavelike behavior of matter at this scale (9). 
Many of these images are so striking that they provide "teachable moments," 
prompting students to ask how such an image could have been constructed. 

Important objectives of the National Science Foundation (NSF) are to 
promote the integration of research and education and to help prepare the future 
technical workforce. Nanotechnology has the potential to attract a diverse, 
talented group of students to technical careers in much the way that space 
exploration inspired students of an earlier generation to become scientists and 
engineers. The foundation has supported the movement of nanoscale science 
and engineering into the curriculum through awards made under its Nanoscale 
Science and Engineering Education (NSEE) initiative. Through the 
Nanotechnology in Undergraduate Education (NUE) program, which is part of 
the NSEE inititiave, NSF has supported the development of college courses in 
nanotechnology, new examples of nanotechnology that can be used in existing 
courses, acquisition of instrumentation and development of software for 
undergraduate exposure to nanotechnology. A complete listing of N U E awards 
for fiscal years 2003 through 2005 is available on the NSF website (10). One of 
the N U E awards has been to the A C S Exams Institute to support the 
development of standardized test questions that instructors can use if they 
include nanotechnology in their college courses. 

Nanotechnology is a rapidly moving field. In thinking about how to couple 
the research and education enterprises more dynamically, one possible 
mechanism is graduate education. Some chemistry graduate students are writing 
papers and thesis chapters that describe new curricular materials based on 
current research. One graduate student, for example, who had published several 
original research papers on nanowires, developed a college laboratory 
experiment for growing nickel nanowires using inexpensive materials, assisted 
by an undergraduate. She published this work in the Journal of Chemical 
Education and included it in her thesis as one of the chapters (11, 12). This 
model could be generalized to allow many more interested students to participate 
in the creation of instructional materials based on their research interests. 
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Ultimately, the integration of research and education is a community 
responsibility that can benefit from broad participation of faculty and co-workers 
at a variety of stages of professional development. With its broad and 
fundamental sweep, physical chemistry is an excellent platform for such an 
effort. The inclusion of examples from other disciplines and multidisciplinary 
fields like nanotechnology can enrich the physical chemistry curriculum and 
keep it perennially fresh and exciting for both instructors and students. 
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Chapter 5 

The Evolution of Physical Chemistry Courses 

Peter Atkins 

University of Oxford, Lincoln College, Oxford OX1 3DR, United Kingdom 

I review the difficulties and opportunities that we need to 
consider when developing physical chemistry courses. I begin 
with a comparison of the structure of courses in the U S A and 
the U K , then turn to the question of the order of the course: 
quantum first or thermodynamics first? I then consider the 
impact of biology on our courses and then turn to the role of 
multimedia and graphics. I conclude with an attempt to 
identify the key equations of physical chemistry. 

Introduction 

In this chapter, 1 intend to present the considerations that go into the 
formulation of physical chemistry courses. They are much the same as go into 
the formulation of physical chemistry textbooks, of course, for the two modes of 
delivery go hand in hand. However, I shall do my very best to stand back from 
my own prejudices and will try to give an even-handed account of a variety of 
opinions. 

Other systems 

I shall share the kind of thoughts that go through my head when planning 
the presentation of physical chemistry. Although my background is in the British 
system, I have immersed myself for decades in the American system, and will 
focus on that. However, it may be of interest at the outset to describe very 
briefly what I perceive as the distinction between the two. 
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Whereas the American system is horizontal, the British system is vertical. 
That is, the American system arranges courses in sequence, with what (to be 
honest) is introductory physical chemistry in the freshman year, then, typically, 
a physical chemistry course in the junior year. There are modifications of that, 
of course, but that is the broad picture. By contrast, in the British system, there 
is not (or at least, until recently, there has not been) a freshman course, on the 
grounds that high school chemistry is a serious course that in some respects goes 
beyond an American freshman course. As soon as the college course begins, all 
three branches are taught in comparable depth and that parallel development 
continues for all three or four years of the course. 

In my view, the British system is unlikely to survive in its pure form, for 
high schools are finding it difficult, for a whole variety of reasons that are not 
relevant to this chapter, to bring people up to the standard that such an approach 
requires. Nevertheless, it is likely that in the U K , the central idea that the 
branches of chemistry should be developed in parallel is likely to survive. 

The problems approaching the American and British systems are quite 
different in some respects, for American students have already been exposed to 
quite a lot of .physical chemistry in their freshman year, and are at a more 
mature stage of their studies by the time they embark on the physical chemistry 
course proper. They have also, by then, done (but perhaps neither understood 
nor remembered) more mathematics. In short, they are poised to be more serious 
than their British counterparts when they start the course. Whether the courses 
ultimately result in a more competent product is hard to say. It is certainly the 
case (I think) that after a doctoral program there is little to choose between them 
in terms of intellectual ability, but the greater emphasis on graduate coursework 
in the US and the somewhat longer time taken to complete a thesis probably 
gives the US an edge. 

With those general remarks in mind, I shall now focus on the system that 
prevails in the USA; but those in charge of courses could do worse than to 
appreciate that there is another side to the Moon that might be invisible to those 
within its shores. 

The order of the course 

The first question that comes to mind when considering the structure of a 
course in physical chemistry is its order. Broadly speaking, there are the camps 
inhabited by thermodynamics first (T-first) and those inhabited by quantum first 
(Q-first). I shall set out what I see as the advantages of each approach. 

A T-first approach has the intellectual advantage of presenting 
thermodynamics as an intellectual structure free of any suppositions about the 
existence and properties of atoms. As such, there is an intellectual purity about it 
and it is, in a certain sense, model free. There are considerable pedagogical 
advantages in showing students that a body of knowledge can be constructed on 
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the basis of macroscopic, bulk observations. I am not saying that that is the best 
way to teach thermodynamics, but it is certainly arguable that they should be 
exposed to a mode of thought that transcends the microscopic. Of course, they 
know that there are atoms, and they rightly seek connections to the microscopic 
world, but by constructing a T-first course they are being exposed to a very 
special mode of thought. 

The second advantage of a T-first approach is that it builds on what students 
think are familiar concepts, such as work, energy, and temperature. That these 
are in fact rather sophisticated concepts can be allowed to dawn on them. At 
least, when they begin the course they are in the seemingly familiar world of 
macroscopic events and concepts, and there is an easy (but perhaps false) 
familiarity with the basic ideas of the subject. Moreover, even the mathematics 
is relatively familiar, with only the concepts of partial and exact derivatives 
central to its exposition. 

The third advantage is that thermodynamics is easy to apply to the problems 
that chemists commonly encounter and relevant and useful results can be 
obtained at an early stage without a lot of effort. In a Q-first approach, with its 
journey through partition functions en route to thermodynamics, there is the 
lingering thought that one ought to be thinking in terms of and using the heavy 
apparatus of statistical thermodynamics. In other words, the T-first route is 
immediately and directly applicable without too much clutter; the Q-first route 
can obscure that essential, pragmatic simplicity. 

Then there is the fourth point, the practical issue of timing relevant to other 
courses and other participants, such as engineers and the correlation of lectures 
with laboratory. This is a local issue, of course, but it might have a serious 
impact on the development of courses locally. It seems to me, though, that a 
chemistry department should establish its own priorities and approach initially, 
and bend only as others' arguments prove compelling. 

And finally, there is a wholly flippant point: that in the T-first approach, the 
thermodynamics is out of the way and there is something modern and exciting to 
look forward to, rather than vice versa! 

The Q-first approach also has a number of advantages, especially in the 
context of courses with an American structure where the primary concepts and 
elementary applications of thermodynamics have already been encountered in 
the freshman year and, therefore, where some of the language of 
thermodynamics is already familiar. 

The first advantage, in my view, is that a Q-first approach reflects the 
intellectual structure of contemporary physical chemistry more accurately than a 
T-first approach. That is, there is an intellectual dynamic in seeing the 
emergence of the macroscopic from the underworld of atoms. Seeing the 
properties of bulk matter emerge from the properties of atoms is satisfying, 
rewarding, and introduces students to the power of scientific explanation. It also 
enriches the concepts of thermodynamics and illuminates otherwise purely 
phenomenological concepts. Of course, in the T-first approach it is possible (and 
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in fact desirable) to interpret thermodynamic functions at a molecular level, but 
with a Q-first approach the links and explanations can be very much deeper. 

The second advantage of a Q-first approach is that it opens the door to an 
early introduction of the modern and enthralling. Thermodynamics is perceived 
(with let's admit, some truth) to be passe; the modern age is built around 
quantum theory and its implications for atoms, molecules, and materials. If we 
want to excite our students, then we are more likely to be able to do so with a 
quantum than with a thermodynamic function. Through the early introduction of 
quantum ideas we open the door to the presentation of modern topics, including 
spectroscopy, molecular reaction dynamics, femtochemistry, computation, and 
the emerging fields embraced by nanotechnology and nanoscience. In short, we 
have the opportunity to expose our students to the shock of the new. 

The third advantage of Q-first is that it is more e-friendly than 
thermodynamics. It is, I think, much more open to representation using 
multimedia, especially computer graphics than thermodynamics is. O f course, 
graphics and animations can be used in thermodynamics, as in the presentation of 
three-dimensional surfaces representing equations of state and animations of 
Carnot cycles and the like, but the real strength of molecular graphics comes from 
the depiction of wavefunctions, probability densities, and so on, and an additional 
strength of computation in general comes when it is brought to bear on the 
SchrOdinger equation. I shall discuss the role of graphics in a later section. 

Apart from the advantages of a T-first approach that I outlined earlier, it 
seems to me that there is one serious disadvantage of a Q-first approach, which 
is the unfamiliarity and depth of the mathematics needed to do anything in 
quantum mechanics. Great care must be taken in a Q-first approach not to 
overwhelm students at that early stage of their physical chemistry course (or, 
indeed, at any stage), especially when heavy mathematics is in alliance with 
bizarre concepts. 

The impact of biology 

One of the most important developments in physical chemistry in recent 
years has been the way in which it has turned its attention to biology. This 
hugely important step reflects the maturity of the subject: we have cut our teeth 
on simple systems and are now ready to tackle the complex. There is no doubt 
that our presentations of physical chemistry should reflect the change in 
direction of our searchlight's beam, but we should proceed with caution. 

The advantages of introducing biological applications are rather obvious 
and do not need to be rehearsed here. It is enough to say that they are central to 
modern physical chemistry research and compellingly interesting to most of our 
students. 

They provide a vehicle for demonstrating the vivacity of research in 
physical chemistry, its relevance, and its challenges. Of course we have to meld 
biological applications into our presentations. 
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That, however, is not the only consideration, and we have to be prepared to 
temper our enthusiasm a little. First, we have to ensure that the presentation of 
biological applications does not obscure the simplicity of the physical chemistry 
concepts that we are attempting to convey. The applications of physical 
chemistry to biology can be rather subtle and demand a familiarity with 
biological concepts—the components of a cell, the details of biochemical cycles, 
the structures of biological macromolecules—that may be obscure to our 
students and suggest to them that physical chemistry is actually harder than it is. 
Second, there is another wing to physical chemistry: the contribution it can 
make and is making to materials science, especially the newly emerging aspects 
of nanotechnology. We should not generate an army of biophysical chemists 
when we need troops to solve the increasingly important problems associated 
with new materials. 

In short, and as in everything, we need to keep a balance between the 
temptations of biology and the temptations of materials science. We should 
certainly show how physical chemistry is relevant to these topics, but not lose 
sight of the simplicity of the central core of ideas that we are trying to convey. 
We must educate people into flexibility. 

A related issue, which I shall not address here, is the opposite of what I 
have been addressing. I have been considering the illumination of physical 
chemistry by biology. The opposite is the illumination of biology by physical 
chemistry, and the courses and topics that are essential for a biologist (in the 
broadest sense) to know. 

The challenges and the opportunities 

Next, I shall examine the challenges that confront us as we try to teach 
physical chemistry. Figure la summarizes what I think are the main difficulties: 
there is the mathematical aspect of our subject, the abstract character of many of 
its central concepts, and the overall complexity of physical chemistry. No 
difficulty is an island, and I like to think that the triangle summarizes the 
interplay between difficulties rather than their isolation. 

We are taught in business school (I am told) that every challenge is an 
opportunity. That is probably untrue in physical chemistry (and perhaps in 
commerce too), but there are certainly opportunities for us to enhance our 
teaching. I have identified three principal ones in Fig.lb, namely graphics, 
curriculum reform, and the conceptual basis of our subject. As for challenges, no 
opportunity is an island, and I like to think that the triangle summarizes the 
interplay between them and the strength that they acquire in combination. 

Figure lc brings the challenges and opportunities together. This illustration 
will form the structure of my presentation here, for I want to explore how 
different challenges can be attacked by the various opportunities that we 
currently have at our disposal. 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



49 

Figure 1. (a) The challenges, (b) the opportunities, and (c) their conjunction. 

First, the curriculum. When we are designing our courses we should take 
into account the techniques that are currently driving our subject. Table 1 
summarizes a selection. 

Without doubt, to my mind at least, it is computation that is currently 
having the greatest impact on what we do and how we do it. Computation begins 
with the control of experiments, the gathering of data, and its manipulation and 
presentation. Computation also opens up methods of investigation that might be 
inaccessible experimentally by allowing us to calculate, with increasing 
reliability, the properties of individual molecules and bulk materials. 
Computation also allows us to portray properties in a visually assimilable form. 

Next in order of importance is magnetic resonance, principally N M R . Apart 
from its obvious importance for the identification of materials and the 
information it gives about biological macromolecules in their natural 
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Table 1. The current experimental motivators 

Computation 

Nuclear magnetic resonance 

X-ray diffraction 

Lasers 

Electrochemistry 

Surface microscopy 

Nanotechnology 

environment and its potential for the realization of quantum computing, N M R is 
an intellectually interesting technique, for it has grown in complexity over the 
years, from the primitive flip of a nucleus to the awesomely complicated 
correlation techniques of today. That intellectual development can be reflected 
in our teaching. However, N M R does present a real challenge for instructors, for 
I find it extraordinarily difficult to present pulse techniques and correlation 
spectroscopy in a visualizable form (presumably because it involves off-
diagonal elements of density matrices). I think there is a pressing need to find a 
compelling technique of visualization for this centrally important technique. 

Like group theory, diffraction techniques ebb from and flow into physical 
chemistry courses. I think X-ray diffraction, at least, should be presented 
because it is so central to molecular biology and the steady state. Moreover, it 
provides an excellent opportunity for demonstrating the power of Fourier 
transforms in the understanding of physical phenomena. Indeed, it could be very 
interesting to develop a "Fourier" course that embraced diffraction and modern 
techniques of spectroscopy. 

Lasers come next, not because of their intrinsic construction and mode of 
operation, but because they open up new dimensions of technique, precision, 
and scale. The experimental technique of physical chemistry that has benefited 
most from the laser is Raman spectroscopy, which barely existed before their 
introduction and is now in full flower, showing enormously detailed and 
interesting information about bulk matter and surfaces. A technique that was 
essentially invented by the laser is femtochemistry, where we can catch atoms 
red-handed in the act of reaction. Lasers have brought us right to the heart of 
reactions, and as such we must build them into our courses. 

The classical field of physical chemistry that still has so much to offer is 
electrochemistry, with its promise of efficient, clean power, the detection and 
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elimination of pollutants, and, through its marriage with nanotechnology, its 
promise for computation. Surface science, itself intimately involved with 
electrochemistry as well as catalysis, also barely existed before scanning 
tunneling techniques opened surfaces to direct inspection and visualization. 
Suddenly, with S T M and its descendants, surfaces have become interesting (they 
have always been important). 

Finally, although nanoscience is perceived by some as a grant-hunting 
device, that is far from the truth. The investigation of properties unique to 
nanometer scales is presenting us with fascinating new challenges and—perhaps 
most important of all—forcing fruitful alliances between different kinds of 
chemists. 

Multimedia and graphics 

I want to be even-handed again, but that is hard when considering graphics 
and its superset, multimedia, for it plays such a compelling role in education, 
that it is hard to believe that there can be any disadvantages in its deployment. 
But there are. 

The upside of art is compelling. Many chemists think in a visual way, and 
many for whom English is a second language can assimilate concepts more 
easily i f the words are presented in company with images. I think it most 
important that we use visual images heavily to convey physical chemistry. 

Graphics provide a great opportunity to ameliorate the presentation of 
mathematics. This it does at three levels. First, and perhaps most importantly, 
science is currently undergoing a paradigm shift in the manner in which it is 
done and in terms of what can be explored theoretically. From the analytical 
derivations that have characterised its procedures since Newton we are 
increasingly turning to numerical analysis. This has long been the case with 
computational chemistry, of course, but now we are exploring aspects of 
complexity and chaos that simply cannot be investigated analytically except in a 
few remote instances. It is important that we educate our students in these 
numerical techniques of investigation and portrayal of results. Second, adroit use 
of graphics can help overcome the abstraction of some mathematical procedures. 
We should respect that good chemists are often people with strong visual 
imaginations, and we should build on that by helping them to acquire 
mathematical skills in as visual a way as possible. Third, the presentation of 
straight-forward mathematical concepts and manipulations can be made much 
more interesting by using one of the mathematical software packages that are 
now available. 

I did promise to try to identify disadvantages of multimedia. There are 
some, although in my view it is the future, and by listing disadvantages I do not 
wish to give the impression that I am against its implementation: I am for its 
improvement. 
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First, it is currently disappointing. The young are currently brought up with 
amazing graphics in the games they play, and no academic multimedia 
experience comes remotely close to the quality of the presentation and the 
graphics. The reasons are largely due to the expense of using a quality graphics 
engine; but chemists have not yet shown the imagination to take the leap away 
from the paradigm of the printed page and to develop a stunning yet 
academically valuable experience. Perhaps the alliance of computer games and 
intellectual, educational good practice will never be achieved. I doubt that, but I 
am not aware that it has yet been achieved. Perhaps it must await the current 
younger generation to come forward with their experience of gaming and apply 
to problems of education. So, currently, all multimedia experiences are 
disappointing and add very little to the educational experience. 

Second, and for this possibility I have absolutely no evidence: I fear the 
possibility that multimedia will result in a long-term diminution of imagination. 
Multimedia might be like watching the movie of the novel rather than reading 
the novel itself. In the absence of multimedia, students are forced to grapple 
with concepts, just as the reader of a novel must build pictures of characters and 
scenes in their mind rather than living off the images devised by the director. 

Third, multimedia can corrupt. Because it can generate such impressive 
images, those images can deflect students from the truth. We have only to think 
of the compelling imagery of the Bohr planetary atom to appreciate just how 
deeply a false pictorial model can embed itself in our consciousness. One fear 
could be that multimedia could spawn a plague of Bohr models. 

Fourth, but by no means least, education must be allied to examination, but 
so far no one has devised a really satisfactory mode of examining material that 
has been taught by using multimedia. That we educate in a modern mode but 
examine in a traditional mode is unacceptable, and multimedia education will 
not flourish until the elusive goal of appropriate examination has been achieved. 
These remarks apply to components of multimedia, such as the computation of 
electron densities, surfaces, and dipole moments. How do we (indeed, should 
we) assess a student's competence at using software packages that are little more 
than sophisticated black boxes? 

Finally, and to some extent trivially and certainly temporarily, multimedia 
is just plain inconvenient. Until it is implemented in instant-on (currently 
available to a limited degree) readable in sunlight page-sized screens (coming 
along) with book-like browsing abilities, it will remain a pain to use informally. 

However, it is the future, and once these problems have been addressed and 
solved, the learning experience will be much richer than it is now. Currently, 
electronic books are appearing with embedded manipulable graphs and 
illustrations, with embedded spreadsheets for exploring the consequences of 
changing parameters, and static illustrations that burst into animation. Multi
level expositions are becoming available, where derivations can be hidden until 
required, where mathematics background can spring into action as needed, and 
where the whole reading experience becomes alive. 
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There is, though, a word of warning that is relevant to the delivery of 
lectures. The great advantage of chalk is that the lecturer can present an equation 
as a growing organism and talk through its construction. I think that that 
approach has more pedagogical impact than simply slapping down a ready made 
equation on a screen. Of course, multimedia are perfect for exploring the 
consequences and implications of equations, but they can undermine 
derivations. 

On a more positive note, multimedia enable us to respond pedagogically to 
the shifting paradigms of science, where, as remarked above, numerical analysis 
is replacing analytical solutions of equations. Through it, we can present 
computational chemistry, for instance, and pursue the fascinating complexity 
that arises from systems of coupled differential equations in chemical kinetics. 

The central equations 

In this final section I shall attempt to identify what I regard as the central 
equations of physical chemistry, the equations that everyone should remember 
and appreciate their implications (they are summarized in Table 2). I will 
identify a handful of equations from each major region of physical chemistry, 
and finally identify what I regard as the king of all equations. 

In what I broadly regard as "equilibrium" (essentially thermodynamics), the 
two central concepts are the perfect gas equation of state, pV = nRT, and the 
chemical potential, p = ju° + RT In a. The former is a kind of quide for the 
formulation of the latter, and the latter, through seeking conditions for the 
equality of the chemical potentials of substances in various phases underlies the 
description of all physical and chemical equilibria. These merge in probably the 
single most useful equation of all chemical thermodynamics, A rG° = -RT In K 
and the crucially important link between thermodynamics and electrochemistry, 
A G = w e. The relation that governs the response of systems to changes in the 
conditions is dG = Vdp - SdT, and summarizes almost everything we need to 
know. 

In what I broadly regard as "structure" (essentially quantum theory), the 
equation that epitomizes the transition from classical mechanics to quantum 
mechanics, is the de Broglie relation, X = hip, for it summarizes the central 
concept of duality. Stemming from duality is the aspect of reality that 
distinguishes quantum mechanics from classical mechanics, namely 
superposition: \JJ = yA + y/B with its implication of the roles of constructive and 
destructive interference. Then of course, there is the means of calculating 
wavefunctions, the SchrSdinger equation. For simplicity I wil l write down its 
time-independent form, Hy = Ey, but it is just as important for a physical 
chemist to be familiar with its time-dependent form and its ramifications for 
spectroscopy and reaction. 
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Table 2. The core equations 

Thermodynamics 

Structure 

Change 

Overall 

pV=nRT 

ju = + RTlna 

dG=Vdp-SdT 

ArG° = -RT\nK 

AG = We 

X = h/p 

V = V\ + V2 

HV=\\>dVldt 

v = / [ A ] , [B],...) 

k = A exp(-EJRT) 

pi = exp(-e,/£7)/<7 

In what I regard as the world of "change" (essentially chemical kinetics and 
dynamics), there are three central equations. One is the form of a rate law, v = 
X[A],[B]...), and all its implications for the prediction of the outcome of 
reactions, their mechanisms, and, increasingly, nonlinear phenomena, and the 
other closely related, augmenting expression, is the Arrhenius relation, k = 
Atxp(-EJRT), and its implications for the temperature-dependence of reaction 
rates. Lurking behind discussions of this kind is the diffusion equation, in its 
various flavors starting from the vanilla dP/dt = -d2Pldt2 (which elsewhere I 
have referred to as summarizing the fact that "Nature abhors a wrinkle"). 

I promised to end with the king of equations, the last to be thrown from our 
balloon. In my view, this king must be the Boltzmann distribution, p, = exp(-
ZilkT)lq. To a large extent, this equation summarizes the whole of chemistry. 
First, it is derived from the most primitive of assumptions (the random 
distribution of entities over available energy levels subject to a couple of 
obvious constraints) and consequently applies universally. Because it uses the 
concept of energy levels yet can be used to calculate thermodynamic properties, 
it is a bridge between the microscopic and macroscopic worlds. Third, because it 
is essentially a way of distinguishing populations that are stable (e, < kT) from 
those that are volatile (e, > kT), it captures the essence of the two pillars of 
chemistry: structure and change. 
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Conclusions 

Before I summarize these remarks, I would like to make one further plea. 
As educators of huge numbers of chemists (and in particular physical chemists), 
the US educational system has a responsibility to propagate good practice. 
"Good practice" does not mean what one was taught oneself decades ago; it 
means what has been agreed for notation, nomenclature, and symbolism by the 
international community through IUPAC, to which the U S A is a major and 
influential member. A major generator of the chemical literature, from textbooks 
up to primary research papers, has a duty to communicate in the accepted 
language of the international community. So, whatever the strategic decisions 
taken about the future of education in physical chemistry, instructors and authors 
have a duty to express themselves in the international language of science. It 
seems to me, for instance, to provide a tiny example, absurd that the most 
modern branch of physical chemistry (computational chemistry) in large 
measure still reports heats (sic) of formation in kilocalories per mole. There are 
numerous examples throughout the literature of the subject that make use of 
obsolete units and incorrect modes (that is, not in conformity with agreed 
international practice) of manipulation and presentation. Many think they know 
correct usage; but the evidence is that they do not. Adherence to IUPAC 
recommendations greatly simplifies the assimilation of our subject by our 
students, makes it easier for our students to move between topics of chemistry 
and branches of science, and propagates the responsible thought that they are 
members of a universal community. 

The centrally important point of these reflections, however, is the strategy 
of education in physical chemistry. We should identify the core ideas that we 
wish students to carry away from our courses, and identify the current 
motivators of our subject. We should use multimedia wherever appropriate (but 
not to excess) and develop ways of examining the new skills that multimedia 
brings in its train. We should be sensitive to the difficulty that large numbers of 
students have with mathematics, and never fail to interpret the salient features of 
the equations we derive. Graphics is perhaps the savior of chemistry, for its 
adroit use can be used to generate insight (or, at least, to transmit our insights) 
and to find ways to assimilate mathematics. 

Our examples should be drawn from the frontiers of physical chemistry, to 
show that it is still a dynamic, living subject even though its underlying 
principles are now a century old. Those examples should include biological 
applications, but not to the exclusion of the contributions that physical chemistry 
makes to other branches of science and daily life. 
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Chapter 6 

Philosophy of Chemistry, Reduction, Emergence, 
and Chemical Education 

Eric Scerri 

Department of Chemistry and Biochemistry, University of California 
at Los Angeles, Los Angeles, CA 90095 (scerri@chem.ucla.edu) 

Introduction 

In this article I hope to introduce chemical educators to some of the work 
carried out in the philosophy of chemistry. The relevance of such work and 
especially that carried out on the reduction of chemistry to physics is 
considerable, and especially so in the case of physical chemistry. As the very 
name of the discipline implies, physical chemistry juxtaposes aspects of 
chemistry with aspects of physics. The relationship between these two classical 
areas of science needs to be considered in order to ascertain the extent to which 
chemistry should be taught as applied physics or to inform the teaching of 
physical chemistry per se. 

The customary beginning of discussions on the reduction of any specific 
scientific field is to assume a form of hierarchy among physics, chemistry and 
biology. Biology deals with complex living systems, whose inner workings can be 
studied by looking to chemistry. It has become something of a truism these days 
that the discovery of the structure of DNA in the early 1950s has been perhaps the 
single most important scientific discovery of the twentieth century. The subsequent 
strides achieved in molecular biology would seem to indicate that biology 
straightforwardly reduces to chemistry. But of course not everything about living 
systems is necessarily a matter of chemistry. The most global aspect that all living 
systems possess is just the fact that they are alive. To many commentators this 
attribute is not just the sum of so many chemical parts working together. Poets, 
mystics and theologians tell us that life is sacred. Philosophers, or at least some of 
them, tell us that consciousness, a property found in many living systems, is not 
reducible to chemical or biochemical goings on. 
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Nevertheless, the study of the relationship between chemistry and physics 
has also provided a huge boost to the advocates of reduction. For example, the 
development of quantum mechanics experienced some of its earliest successes in 
providing an explanation for chemical phenomena. To this day among the 
biggest users of quantum mechanical methods are computational and/or 
theoretical chemists. While Niels Bohr began to establish the electronic 
configurations of atoms, the explanation of the periodic system was taken a great 
deal fiirther by the work of another quantum physicist, Wolfgang Pauli. A little 
later the chemical bond, which was regarded merely as a mysterious pairing of 
electrons by G.N. Lewis, was given a fundamental underpinning by quantum 
mechanics. Bonding could now be regarded as resulting from the simultaneous 
constructive and destructive interference of waves of electrons emanating from 
adjacent atoms.1 Why then should anyone in their right mind question the notion 
that biology reduces to chemistry and that chemistry reduces to physics? One 
response to this question is that attempts at reduction usually lead to progress but 
are seldom as complete as their proponents would have us believe they are. 

The explanation of the periodic system by quantum mechanics, for example, 
is only partial. The possible lengths of the various periods in the table follow 
deductively from the solution of the Schrfldinger equation for the hydrogen atom 
and the relationship between the four quantum numbers, which is also obtained 
deductively. However, the repetition of all but the first period length remains a 
source of debate (7). The repetition of all the other period lengths has not been 
deduced from first principles however (2). Stated more precisely, the empirical 
order in which the atomic orbitals are filled has not been deduced. If this were 
possible the explanation for the lengths of successive periods, including the 
repetitions, would follow trivially. 

But to return to the general question of the reduction of chemistry to 
physics, this is a topic that is of practical as well as intellectual interest. It is 
important for educators to reflect upon and moreover to begin to address 
explicitly when it comes to curricular development and course design. Although 
the present article will not be addressing the latter issue explicitly, it is gratifying 
to report that some authors have begun the task of introducing the notion of the 
reduction of chemistry explicitly into chemistry courses (5, 4, 5). 

How philosophers of science have approached the reduction 
of chemistry to physics 

The establishment of the reduction of one scientific discipline to another one 
by philosophers of science requires more than an appeal to the importance of 
D N A in biology or success of quantum chemistry. It requires that formal 
relations be established between the two fields in question. At least this has been 
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the requirement imposed by the Logical Positivist school of philosophers which 
was responsible for the professionalization of philosophy of science." According 
to this view, the philosopher is required to axiomatize a chemical theory as well 
as the putative reducing theory from physics. She is then required to establish 
some 'bridge principles' which allow one to connect the two levels of discourse 
in a formal logical manner. However, although much work has been expended 
on this form of reduction, the consensus view is that there is not a single case in 
which such rigorous connections have been established. 

Even the case of reducing classical thermodynamics to statistical mechanics, 
which is often touted as a paradigmatic example of strict reduction, has been 
found to be somewhat problematic (6). Following the general trend away from 
formal logic and towards 'naturalism' that has occurred in philosophy of science, 
it has been proposed that the reduction of chemistry should be examined in the 
same manner that a chemist or physicist might (7). This involves considering the 
extent to which a branch of chemistry, say chemical kinetics, can be deduced 
from the appropriate underlying physical theory or quantum mechanics in this 
particular case. The outcome of following such an approach has been the 
conclusion that there exists an approximate reduction of chemistry to quantum 
mechanics, augmented by special relativity in some cases. Not surprisingly the 
reduction is by no means exact or complete. 

Here is one immediately relevant point for chemical educators. These 
studies carried out in philosophy of chemistry remind us of the approximate 
nature of physical accounts of chemical phenomena and they document the 
'reductive gap' that remains to be bridged, something that quantum chemists and 
other practitioners are not generally too eager to discuss in publications. 

Inorganic chemistry, for example, is increasingly dominated by approximate 
models from quantum mechanics. If one were to open any chemistry textbook to 
the chapter on transition metals, one would find extensive discussions of crystal 
field theory and details of how the 5-fold d orbital degeneracy is removed by 
ligands depending on whether their geometrical arrangement is octahedral, 
square planar, tetrahedral or linear. The actual chemistry of the elements is 
neglected at the expense of 'principles' which almost invariably means 
approximate models. The excitement of chemistry tends to be devalued at the 
expense of formal rules."1 In spite of many articles from chemical educators who 
bemoan this situation, the physics-driven approach retains its stranglehold over 
chemistry and few textbooks dare to break away from this approach. 

Epistemological and Ontological Reduction 

Let us now delve a little deeper into the philosophy of chemistry. As 
mentioned above, the conclusion of those working in the field has been that 
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chemistry does not fully reduce to quantum mechanics but that this is a matter of 
epistemology and not of ontology. In other words, while it is accepted that 
theories of chemistry do not reduce to theories of physics many philosophers of 
chemistry have specifically stated that they believe that chemical entities are 
nothing but physical entities at bottom. After all, the failure to establish 
epistemological reduction may be due to some limitations in our current 
understanding of chemistry and physics or even both of them. Surely, or so the 
previous thinking has been, chemistry is nothing more than physics from a 
'God's eye' point of view, or in other words from an ontological perspective. 

A more general approach adopted by many philosophers is called 
physicalism. This does not entail reduction of the theoretical or epistemological 
kind but is a question of whether the physical determines the chemical. 
Physicalism has been invoked in philosophy of mind to argue that there is a 
dependence relationship between mental events and physical goings on in the 
brain. This is clearly a weaker form of reductive claim that epistemological 
reduction discussed earlier in this article. 

But physicalism has come under severe criticism and is now seen as 
suffering from two major drawbacks. In order to defend the claim that mental or 
chemical properties are determined by the physical, when this cannot yet be 
achieved by recourse to current physics, the defendant of physicalism appeals to 
a future perfected physics. However this claim appears to be vacuous because 
we may never reach the point of a perfected physics. 

The second objection is that a mere dependence of the chemical say on the 
physical can work both ways. The chemical may determine the physical or vice 
versa. To have any validity the physicalist needs to argue that the dependence is 
asymmetrical and only functions in the sense that the chemical is dependent upon 
the physical and not vice versa. 

Various responses 

Quite recently this matter has come to the surface in the course of an article 
in which authors Lombardi and LaBarca explicitly point out that most previous 
workers in the philosophy of chemistry have assumed that ontological reduction 
necessarily holds regardless of the fortunes of epistemological reduction (8). 
Whereas the distinction between epistemological and ontological reduction is by 
no means universally agreed upon, perhaps a few general words might help to 
orient the general reader. Broadly speaking epistemological reduction has been 
taken to refer to the question of whether theories of the allegedly reduced science 
such as chemistry can be reduced to the theories of the reducing science, namely 
physics. Ontological reduction is not exhausted by our knowledge of any two 
particular sciences. It is concerned more with the question of whether the 
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entities of the allegedly reduced science are reduced to the entities of the 
reducing science. Different authors differ regarding the extent to which they are 
prepared to admit theoretical knowledge enter into such discussions. 

Lombardi and LaBarca have pointed out any adherence to the view that 
chemistry is ontologically reduced to physics, regardless of the outcome of 
epistemological reduction is nothing but an article of faith. As they further ask, 
"what if even epistemological reduction of chemistry to physics does not in fact 
hold good?" More importantly perhaps, their raising this question has led to a 
discussion of how one is to assess the success or otherwise of the ontological 
reduction of chemistry to physics. How does one actually do ontology? 

Responses to this further question appear to fall into two camps. One 
prominent metaphysician believes that the question needs to be approached 
independently of any theories of chemistry and of physics. Robin Le Poidevin 
has published an extensive article in which he argues in favor of the ontological 
reduction of chemistry to physics. He does this through what he has termed a 
combinatorial approach. 

Le Poidevin directs his approach at the periodic system of the elements. He 
writes, 

Why was Mendeleev so confident that the elements he predicted actually 
existed? This is not a question about his confidence in their periodic law 
(that, as he formulated it, 'the elements, i f arranged according to their atomic 
weights, exhibit an evident periodicity of properties' (Mendeleev [1889], p. 
635)), but rather about an implicit conceptual move. Granted that the gaps 
in Mendeleev's table represented genuine possibilities, elements that could 
exist, why assume that the possibilities would [be] ,v realized? (9). 

Another question is related, but purely philosophical: even i f some elements 
in the table are merely possible, there is a genuine difference between the 
physical possibility of an element between, say, zinc and arsenic (atomic 
numbers 30 and 33), and the mere logical possibility of an element between 
potassium and calcium (19 and 20) (10). 

Le Poidevin is fully aware of the problem whereby dependence can function 
both ways. The mere physicalist hope that the physical determines the chemical 
rather than vice versa will not convince anyone who doubts this point. Le 
Poidevin wants to put these doubts to rest by appeal to what he calls 
'combinatorialism'. 

The central contention of combinatorialism is this: possibilities are just 
combinations of actually existing simple items (individuals, properties, 
relations). Let us call this the principle of recombination. To illustrate it, 
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suppose the actual world to contain just two individuals, a and b, and two 
monadic properties, F and G, such that (Fa & Gb). Assuming F and G to be 
incompatible properties, and ignoring the possibility of there being nothing 
at all, then the following is an exhaustive list of the other possibilities: 

Fa 
Fb 
Ga 
Gb 
F a & F b 
G a & G b 
G a & F b 

1-6 are 'contracted worlds', ones that lack one or more components of the 
actual world (77). 

Le Poidevin explains that combinatorialism is a form of reductionism about 
possibilia. He claims that the talk of non-existent possibilia is made true by 
virtue of actual objects and their properties, just as the inhabitants of model 
world mentioned above is made possible by virtue of a and b and the properties 
F and G. Presumably the reader is being invited to also consider such examples 
as Mendeleev's predicted elements in this way. According to le Poidevin's 
approach, the elements that are as yet non-existent but physically possible are 
those that can be regarded as combinations of some undefined basic objects 
and/or basic properties. 

Le Poidevin suggests that this approach provides a means of establishing the 
required asymmetry in order to ground the reduction of the chemical to the 
physical or the mental to the physical, and a means of countering the symmetry 
problem alluded to earlier. 

...granted that some property F, can be identified with some physical 
property G, what makes it the case that G is a more fundamental property 
than F? that F is determined by G, and not vice versa? Here is the 
combinatorial criterion: 

A property-type F is ontologically reducible to a more fundamental 
property-type G is the possibility of something's being F is constituted by a 
recombination of actual instances of G, but the possibility of something's 
being G is not constituted by a recombination of actual instances of F (72). 

Although Le Poidevin is trying to establish the ontological dependence of 
the chemical upon the physical, he is attempting to do this without appeal to 
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chemical or physical theories. By avoiding the use of physical theory he hopes 
to avoid the usual pitfalls of physicalism. Moreover he wishes to distinguish 
clearly between ontology and metaphysics and what better way to achieve this 
than by avoiding the results of scientific theory or indeed an appeal to any 
scientific theories whatsoever. 

Le Poidevin writes that because the thesis of ontological reduction is about 
properties, we do have to have a clear conception of what is to count as a 
chemical property. He then takes the identity of an element, as defined by its 
position in a periodic ordering, and its associated macroscopic properties to be 
paradigmatically chemical properties. About these properties we can be 
unapologetic realists. He also claims that a periodic ordering is a classification 
rather than a theory, so this conception of chemical properties is as theory-
neutral as it can be.v He believes that the question of the ontological reduction 
of chemistry is the question of whether these paradigmatically chemical 
properties reduce to more fundamental properties. He then adds, 

What counts as a fundamental property? One criterion is the combinatorial 
one of the previous section: the more fundamental properties are those 
properties combinations of which generate the range of physical possibilities 
of the less fundamental properties (75). 

We might, just accept it as a brute fact about the world that the series of 
elements was discrete. But if there were a finite number of properties, 
combinations of which generate the physical possibilities represented by the 
periodic table, then variation would necessarily be discrete rather than 
continuous. We can believe in the existence of these fundamental entities 
and properties without subscribing to any particular account of them (e.g. an 
account in terms of electronic configuration), such accounts at least show us 
the way in which chemical properties could be determined by more 
fundamental ones. The point is that, given the principle of recombination, 
unless those more fundamental properties exist, unactualized elements 
would not be physical possibilities (14). 

Let me try to rephrase the argument. We assume that the combination of a 
finite number of fundamental properties, via a combinatorial approach, leads to a 
discrete set of macroscopic physical possibilities. We also know empirically that 
the chemical elements occur in a discrete manner because there are no 
intermediate elements between, say, hydrogen and helium. The combinatorial 
approach can thus be taken as an explanation for the discreteness in the 
occurrence of elements and furthermore it justifies the fact that Mendeleev 
regarded the yet undiscovered elements like germanium as being physical 
possibilities rather than merely logical ones. 
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To give Le Poidevin due credit, I think he has provided a plausible 
argument for the ontological reduction of the existence of the chemical elements 
and he has done so without any appeal to physical theory, either present or 
future. And in doing so he has shown us an interesting way in which questions 
of ontological reduction can be treated independently of the theories of 
chemistry or physics. But as to whether he has separated the question of 
ontological reduction as fully from that of epistemological reduction as he 
seemed to promise in his article, this is debatable. Admittedly, the ordering of 
the chemical elements may not be in any sense theoretical, as he states, but there 
is no denying that ordering the elements by way of atomic number, or by 
whatever other means, is dependent on our knowledge of the elements. It is just 
that this knowledge takes the form of a classification or ordering rather than a 
theory as Le Poidevin correctly points out. But surely this does not render the 
act of classification any less epistemological. 

Finally, I would like to point out some specific points concerning Le 
Poidevin's analysis. Let me return to the question of the discrete manner in 
which the elements occur. This fact, it will be recalled, is taken by Le Poidevin 
to support a combinatorial argument whereby a finite number of fundamental 
entities or properties combine together to give a discrete set of composite 
elements. But what if we consider the combination of quarks (charge = 1/3), 
instead of protons (charge =1)? In the former case a finite number of quarks 
would also produce a discrete set of atoms of the elements, only the discreteness 
would involve increments of one-third instead of integral units. 

And i f this were the case, then it would be physically possible for there to be 
two elements between say Z = 19 and Z = 20 to use Le Poidevin's example." Let 
us further suppose that a future theory might hold that the fundamental particles 
are some form of sub-quarks with a charge of 0.1 units. Under these conditions 
combinatorialism would lead to the existence of nine physical possibilities 
between elements 19 and 20, and so on. It would appear that Le Poidevin's 
distinction between a physical possibility, as opposed to a merely logical one, is 
dependent on the state of knowledge of fundamental particles at any particular 
epoch in the history of science which is surely not what Le Poidevin intends. 
Indeed the distinction proposed by Le Poidevin would appear to be susceptible 
to a form of vacuity, not altogether unlike the threat of vacuity which is faced by 
physicalism, and which was supposed to be circumvented by appeal to 
combinatorialism. 

Let us return to Le Poidevin's sense of physical possibility once again. As 
the reader will recall, Le Poidevin claims that there is no physical possibility of 
an element between Z = 19 and Z = 20 whereas Mendeleev would have been 
confident of physical possibilities between elements Z = 30 and Z = 33. 
However, it is well known to historians of science that Mendeleev was an ardent 
opponent of any form of atomic sub-structure. Mendeleev himself would not 
therefore have availed himself of a combinatorial argument in order to propose 
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the existence of one or two physically possible elements in this gap in the 
sequence of the elements/" Mendeleev's argument was altogether much simpler. 
He noticed a considerable gap between the atomic weights of zinc and arsenic (Z 
= 30 and 33 respectively) and together with the aid of some vertical trends in the 
surrounding elements he was able to predict rather accurately the properties of 
two missing elements. 

Finally there is a somewhat general objection to the use of combinatorialism 
in order to ground the ontological reduction of chemistry. Surely the assumption 
of that fundamental entities combine together to form macroscopic chemical 
entities ensures from the start that the hoped for asymmetry is present. But it 
seems to do so in a circular manner. If one assumes that macroscopic chemical 
entities like elements are comprised of sub-atomic particles then of course it 
follows that the reverse is not true. The hoped for asymmetry appears to have 
been written directly into the account, or so it would seem. 

Physicalism and McLaughlin's analysis of Broad's 
Emergentism 

Meanwhile several other authors in the field believe that one may consult 
the findings from scientific theories in order to discuss ontological questions and 
indeed that our only access to ontology is through the findings from scientific 
theories. They do not believe that there is any such thing as pure ontology, 
which can be examined without recourse to scientific findings."" Rather they 
hold that to examine the ontology of chemistry and physics requires an 
understanding of what contemporary scientific theories tell us about the nature of 
the fundamental entities in chemistry and physics respectively. 

Let us take up again the question of symmetry which was discussed earlier 
in the present article. The notion that the physical may be dependent upon the 
chemical may seem unusual to those who are unfamiliar with these philosophical 
arguments. It is after all taken as a foregone conclusion in physics and chemistry 
that the dependence works in one direction only, namely that matters at the 
physical level determine what happens at the chemical level and not vice versa. 
But it is precisely this question, which is being challenged when we begin to ask 
the philosophical questions about reduction and dependence of levels. 

The worry about whether the dependence relationship may be symmetrical 
or whether it is driven from top to bottom has come mainly from philosophers 
working in the area of philosophy of mind. Here is one example, which has 
often been discussed. Let us suppose I am working on an article for publication 
and that I decide that I need to visit the research library at the other end of 
campus. If I follow this intuition a whole number of subsequent steps are put 
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into motion. I need to lock my office door, pick up my sunglasses and begin to 
make my way across to the library. What is the dependence relationship 
between the different levels of organization in my body following decisions of 
this kind? It would not seem implausible to say that my decision to go to the 
library, a mental event, has led to a number of physiological movements, my 
walking across campus, which in turn has led to much chemical and neurological 
activity within my body and ultimately to a change in the manner in which the 
physical components making up my body are obliged to move if I am to make it 
to the other side of campus. It is in this general sense, motivated by questions in 
the philosophy of mind that a reversal of the usual chain of dependence of levels 
appears to be rather uncontroversial. 

Would anyone have doubted the usual direction of dependence of levels by 
considering a chemical reaction? For example when compound A and B react 
are they reacting because they are being driven to do so from below by the 
protons and electrons in their molecules? Or are they reacting because of some 
property that is possessed by the two molecules at the chemical level of 
organization? What is the direction of dependence? It is by no means clear that 
reactivity is driven from below, that the chemical is dependent on the physical 
and not vice versa. If indeed the chemical levels determine the physical it is said 
that 'downward causation' is taking place. 

The philosopher Brian McLaughlin has examined the views of emergentists, 
more specifically what he terms the British Emergentists of whom C D . Broad 
was a leading example. For emergentists like Broad downward causation is 
possible in addition to the more usual upward causation. In addition to physical 
levels determining what occurs at the chemical level, the emergentist like Broad 
claims that there also exists downward causation as evinced by certain 
phenomena like chemical bonding. Indeed Broad speaks of there being 
'configurational forces' which result from a particular arrangement of particles 
over and above resultant forces due to the pair-wise interactions which can be 
accounted for in terms of the fundamental forces of nature such as gravitational 
and electromagnetic forces. 

Broad believed that emergent and mechanistic chemistry (non-emergent 
chemistry) agree in the following respect, 

That all the different chemical elements are composed of positive and 
negative electrified particles in different numbers and arrangements; and 
that these differences of number and arrangement are the only ultimate 
difference between (15). 

Nevertheless he wrote that i f a mechanistic (non-emergent) chemistry were true, 

...it would be theoretically possible to deduce the characteristic behavior of 
any element from an adequate knowledge of the number and arrangement of 
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the particles in its atom, without needing to observe a sample of that 
substance. We could, in theory, deduce what other elements it would 
combine with and in what proportions; which of these compounds would 
react in the presence each other under given conditions of temperature, 
pressure etc. And all this should be theoretically possible without needing 
to observe samples of these compounds (16). 

The situation with which we are faced in chemistry.. .seems to offer the most 
plausible example of emergent behaviour (77). 

But McLaughlin, writing in 1992 denies the presence of any configurational 
forces suggested by Broad and denies the possibility of emergence by referring 
to the success of the quantum mechanical theory of bonding which had not yet 
taken place when Broad was writing. 

It is, I contend, no coincidence that the last major work in the British 
Emergentist tradition coincided with the advent of quantum mechanics. 
Quantum mechanics and the various scientific advances made possible are 
arguably what led to British Emergentism's downfall...quantum mechanical 
explanations of chemical bonding in terms of electromagneticism [sic], and 
various advances this made possible in molecular biology and genetics - for 
example the discovery of the structure of D N A - make the main doctrines of 
British emergentism, so far as the chemical and the biological are concerned 
at least, seem enormously implausible. Given the advent of quantum 
mechanics and these other scientific theories, there seems not a scintilla of 
evidence that there are emergent causal powers or laws in the sense in 
question... and there seems not a scintilla of evidence that there is 
downward causation from the psychological, biological and chemical levels 
U8). 

McLaughlin takes the fact that there is now a highly successful quantum 
mechanical account of chemical bonding to indicate that the chemical level is 
dependent upon the physical and that physical forces bring about bonding at the 
chemical level. As may be seen in the above quotation McLaughlin takes this 
state of affairs to leave no room whatsoever for downward causation. 

What he does not seem to realize is that a perfectly good explanation existed 
for chemical bonding prior to the advent of the quantum mechanical explanation, 
namely Lewis's theory whereby pairs of electrons form the bonds between the 
various atoms in a covalently bonded molecule. Although the quantum 
mechanical theory provides a more fundamental explanation in terms of 
exchange energy and so on is undeniable but it also retains the notion of pairs of 
electrons even if this notion is now augmented by the view that electrons have 
anti-parallel spins within such pairs. 
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Moreover McLaughlin seems to assume that the explanation for bonding 
provided by the quantum mechanical theory is complete. Although it certainly is 
an advance on Lewis's theory Broad's point that one cannot predict the 
properties of a compound from the properties of the combining elements is not 
completely addressed in the newer theory either. Although one may use 
quantum mechanics to predict such properties as bond lengths or dipole 
moments in a molecule that is known to form one cannot predict which particular 
molecules will form in general, although one may obtain estimates of the relative 
stabilities of the likely products. McLaughlin is clearly not aware of the current 
status of calculations in quantum chemistry and is making an over-general 
statement.* 

Conclusions 

The reduction of chemistry to physics or more specifically to quantum 
mechanics is an important topic for chemical educators, particularly those 
concerned with physical chemistry and general chemistry. This article has 
sought to discuss various facets of the question of reduction including some 
recent work by philosophers on the question of the ontological reduction of 
chemistry and the question of whether chemistry emerges from physics in any 
sense. The two authors cited in this context, Le Poidevin and McLaughlin have 
each concluded that chemistry is reduced to physics for rather different reasons. 
McLaughlin has concluded that the development of a quantum theory of 
chemical bonding also renders the notion of the emergence of chemistry as 
envisaged by authors such as C D . Broad completely implausible. The present 
author believes that these two philosophers are mistaken in drawing these 
conclusions, partly because they are not sufficiently familiar with the scientific 
developments that they are discussing. 

It is my belief that chemistry does not fully reduce to physics in an 
epistemological sense and perhaps even fails to reduce in an ontological sense 
although I have not provided any positive arguments in favor of the latter claim 
here. I have merely provided a critique of two leading authors who claim to 
provide conclusive arguments in favor of the ontological reduction of chemistry 
and the impossibility of emergence. I have also tried to stimulate greater interest 
among the chemical education community in contemporary issues in the 
philosophy of chemistry. Given the considerable developments that have taken 
place within the philosophy of chemistry, especially over the question of the 
reduction of chemistry, or at least the extent of reduction, it is high time for 
chemical educators to begin to incorporate some of the conclusions into 
chemistry courses and chemistry textbooks. Such an addition would surely serve 
chemical education more effectively than the obligatory, and frequently 
outdated, accounts of the scientific method which appear in the opening pages of 
nearly all chemistry textbooks. 
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Notes 

I am referring to the molecular orbital approach and not valence bond 
theory. 

Historically the question of reduction goes a good deal further back. 
Comte's earlier positivism already had an explicitly reductionist agenda. I 
am grateful to a reviewer for his input on this point. 

Somewhat curiously, the task of dwelling on the 'real chemistry' of the 
elements for example is left to amateurs such as Oliver Sacks whose book 
Uncle Tungsten has been praised by numerous professional chemists (19) 

Le Poidevin actually wrote "were realized". I believe he means to say, 
"would be realized". 

It may well be theory neutral but it is surely not epistemologically neutral. 
God does not order the elements. It is scientific knowledge by way of 
Moseley and others that has allowed us to order the elements into a coherent 
sequence. Again I don't want to deflect any attention from the main line of 
argumentation. 

The possible existence of quark matter, meaning elements with fractional 
atomic charges has been examined in a number of publications. Among 
them are some articles by C.K. Jorgensen (20). 

Of course from a strictly normative point of view this point will not carry 
much weight. 

This is in keeping with the kind of philosophical naturalism that has been 
championed by leading philosopher Quine. 

McLaughlin is also mistaken in believing that the discovery of the structure 
of D N A owes anything whatsoever to the quantum mechanical theory of 
bonding. The only possible connection might be that Linus Pauling was 
involved in both developments although by his own admission he failed to 
discover the structure of DNA. However in his attempts as well as in the 
earlier discovery of the structure of protein molecules Pauling did not draw 
in any way on quantum mechanics. 
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Chapter 7 

Teaching and Learning Physical Chemistry: 
A Review of Educational Research 
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Science education research focuses on studying variables 
relating to science content in connection with the process of 
learning. In this chapter, we examine the role of science 
education theories and tools for the teaching and learning of 
physical chemistry. We review research work on physical 
chemistry concepts, with emphasis on the areas of 
thermodynamics, electrochemistry, and quantum chemistry. 
Advances in problem solving research, and problems of the 
conventional expository physical chemistry laboratory are 
discussed. Finally, context-based approaches to teaching, the 
role of new educational technology, and active and 
cooperative learning are covered. 

Introduction 

Research into science and chemistry education aims at advancing 
pedagogical knowledge through experimental educational investigation. 
Chemistry education is closely related to the science of chemistry, and so is 
research in the two fields (1). There is, however, a fundamental difference: 
chemistry education research focuses on understanding and improving chemistry 
learning by studying variables relating to chemistry content or to what the 
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teacher or student does in a learning environment (2). It involves "a complex 
interplay between the more global perspective of the social sciences (i.e., the 
process of learning) and the analytical perspective of the physical sciences (i.e., 
the content)." 

The Task Force on Chemical Education Research of the American 
Chemical Society has defined the elements of scholarship in chemistry education 
(3). The following areas were considered: scholarship of teaching; scholarship of 
discovery; scholarship of application. Characteristics of research are that it is 
theory based, data based, and produces generalizable results. Of central 
importance is the support of research with suitable theory or theories, otherwise 
it would not be different from journalism (4). Johnstone (5) argued that research 
has provided us with the tools "to harmonize a logical approach to our subject 
with a psychological approach to the teaching of our subject so that young 
people will catch our enthusiasm and enjoy the intellectual stimulus which our 
subject can, and should, offer." 

Theories in Science Education 

Traditional educational theory and educational practice favored (and 
practice still does today) the direct transmission of intact knowledge from the 
mind of the knowledgeable (the teacher) to the mind of the ignorant (the 
student). Accordingly, knowledge should be judged in terms of whether it is true 
or false (6). 

The advent of Piagetian cognitive psychology caused a paradigm shift (in 
the Kuhnian sense) in the research programs of science education. Central to 
Piaget's description of cognitive development was the active construction of 
knowledge by the individual, a construction that is taking place through a 
dynamic process of interaction with the world (7-9). To bring about development 
(accommodation) of new ideas (new schemas), it is necessary to bring about 
disequilibrium. 

Piagetian theory "has had a profound effect on the way we think about 
learners and learning as well as the methods by which this dynamic development 
process is translated to learning environments" (10). It dominated science 
education research for many years, becoming internal to science education; thus, 
not only students were categorized as concrete or formal thinkers, but also 
chemical concepts were distinguished into concrete and formal (8, 11). In the 
opinion of this author and others (10, 12) it still has important messages to 
convey to science and chemistry educators. 

During the past twenty-five years researchers studied concepts 
systematically. It is now widely accepted that students' scientific concepts are 
often at odds with the accepted scientific views. A coherent research movement 
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was formed, the alternative frameworks or alternative conceptions or students' 
misconceptions movement (73, 14). This movement needed a theory to back it, 
and found a suitable and good one in constructivism. According to it, knowledge 
is constructed in the mind of the learner. It is seldom (or even never) transferred 
intact from the mind of the teacher to the mind of the student. It "results from a 
more or less continual process in which it is both built and continually tested. 
Our knowledge must be viable; it must work ... (and) function satisfactorily in 
the context in which it arises'Xo'). 

Constructivism is linked to the philosophical-epistemological theory of 
(scientific) relativism or empiricism, which is in contrast to another theory, that 
of (scientific) realism or objectivism or positivism. Realists believe "logical 
analysis applied to objective observations can be used to discover the truth about 
the world we live in. Relativists accept the existence of a real world, but question 
whether this world is 'knowable'. They note that observations, and the choice of 
observations to be made, are influenced by the beliefs, theories, hypotheses, and 
background of the individual who makes them" (6). Realism and empiricism 
must be considered as two extremes on a continuum. It is certain that in its early 
years (surely until, say, the beginning of the twentieth century), science was 
closer to relativism, but as time passed, we came closer to a realist state. Note 
that are there are those who argue that philosophical and educational 
constructivisms are intertwined (75, 16), and those who are against (77) and 
critical (18) of the way these philosophical theories are linked to education 
theories. 

Educational constructivism extended the realism-empiricism dichotomy into 
how individuals learn, and assumed two main forms (19): (i) personal 
constructivism, which is associated with Piaget (8); and (ii) social-cultural 
constructivism which is linked to Vygotsky. Piagetian constructivism is 
associated with an idealized person (the 'epistemic subject'). On the other hand, 
according to Vygotsky (20), the learner constructs actively his/her knowledge, 
but this process is greatly assisted by interactions with peers and with the teacher 
who acts at the students' zone of proximal development. 

There are further variants of constructivism (6). Ernest von Glasersfeld's 
radical constructivism (21, 22) extended Piagetian constructivism by assuming 
that there is also the person who "does the actual constructing of an epistemic 
subject qua abstraction, and this is always a psychological subject with all its ties 
to the social and historical context in which it operates" (16). Kelly's theory of 
personal constructs (23) has led to an alternative form of personal 
constructivism (6). Its main hypotheses are first that individuals differ from each 
other in their construction of events, and second that one individual's constructs 
are similar to another's. The latter hypothesis gives importance to social 
interaction, combining personal and social constructivism. For radical and some 
social constructivists (such as Kolb - see Discussion), "experience is the ultimate 
arbiter for deciding between scientific theories and how students acquire 
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knowledge" (16). Finally, Novak's theory of human constructivism (24) 
combines cognition (concepts and reasoning skills) with the affective domain 
(attitudes and motivation) and the psychomotor domain (dexterities and 
precision) (25). 

Constructivist methods of teaching require that teachers, firstly, recognize 
their students' alternative ideas, and secondly take them into account in planning 
and performing their teaching, so that the aim of conceptual change is fulfilled. 
Conceptual change consists in the 'replacement' or 'substitution' of 
misconceptions with the corresponding scientific concepts. Research has shown 
that such a change is very hard to accomplish. Students, even if they come close 
to realizing the errors in their established thinking, revert very easily to their 
previous ideas, with which they are more comfortable (13, 26). It cannot be 
achieved by traditional didactic methodology, but through active, constructivist 
approaches. In particular, concept addition and concept modification toward the 
scientific option are the proper actions and better terms than 'concept 
replacement/substitution'. Strike and Posner (27) listed four conditions for 
bringing about conceptual change: (i) dissatisfaction (dissonance) with an 
existing conception; (ii) minimal understanding of the new conception (a person 
must realize how the new conception can restructure experience); (iii) the new 
conception must have the capacity to solve problems that the old one could not; 
(iv) the new conception must be fruitful, opening up new areas of thinking and 
learning. 

Certainly most theories are neither complete nor perfect. They need constant 
revision and improvement. They may even need replacement. Even i f various 
theories might appear as conflicting, there is benefit from an exposure to and use 
of the successes of each one of them (28). Adey (29) refused to view Piagetian 
theory and the alternative conceptions movement as irreconcilable rivals and 
thought it very likely that they will eventually be combined. In any case, it is 
widely accepted that constructivism "has done a service to science and 
mathematics education by re-emphasizing the importance of prior learning... by 
stressing the importance of understanding as a goal of science instruction, by 
fostering pupil engagement in lessons, and other such progressive matters (19)." 
There is a warning, however, against the idea that constructivism has all the 
answers. A major argument of critics of contructivism, as applied to science 
education, is that contructivists pay attention to how students learn (how they 
construct their concepts), but not to what knowledge (wrong or correct) they 
construct (19). 

Methods of Educational Research 

Educational research utilizes research methods from the social sciences. 
These methods are broadly distinguished into quantitative and qualitative ones. 
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Quantitative methodology uses large or relatively large samples of subjects (as a 
rule students) and tests or questionnaires to which the subjects answer. Results 
are treated by statistical analysis, by means of a variety of parametric methods 
(when we have continuous data at the interval or at the ratio scale) or 
nonparametric methods (when we have categorical data at the nominal or at the 
ordinal scale) (30). Data are usually treated by standard commercial statistical 
packages. Tests and questionnaires have to satisfy the criteria for content and 
construct validity (this is analogous to lack of systematic errors in measurement), 
and for reliability (this controls for random errors) (31). 

Qualitative methodology uses small samples of subjects and the method of 
(usually) personal interviews, based on structured or more usually semi-
structured questionnaires. The interviews are tape- or video-recorded and then 
transcribed and analyzed for patterns and categories in students' thinking. Data 
treatment can also be done by commercial packages for qualitative analysis. This 
methodology provides the possibility for in-depth monitoring and study of 
students' ideas and understandings about scientific concepts. One could think of 
written questionnaires as instant pictures, and of interviews as motion pictures. 

There are a number of different approaches to qualitative methodology. 
Phenomenography, for instance, explores people's different ways of describing 
their common experiences or understandings about phenomena in the world (32). 
For the phenomenographer, the individual is not the target of the analysis. The 
transcribed material produces undivided data or a 'pool of meanings' to be 
analyzed. The analysis leads to a hierarchically ordered set of categories of 
description out of the logical relationships that are found between the different 
ways of understanding. 

Because of small samples, results from qualitative work cannot easily be 
generalized. Very important is then the integration of quantitative and qualitative 
methodologies (55-55). According to Tobin (34), "qualitative and quantitative 
data could contribute in complimentary ways to the solutions of problems." 
Finally, because of various uncontrolled factors, results of educational research 
are difficult to duplicate and generalize. One method that produces more reliable 
results is the combination of a number of similar studies through the method of 
meta-analysis. The following are criteria that justify the use of meta-analysis 
(36): (i) the research question should be the same or at least similar; (ii) the 
effect of interest should be measured using the same scale in each of the studies 
to be combined; and (iii) all studies should be of high quality. 

Physical Chemistry and Science Education 

The study of physical chemistry is of utmost importance in the training of 
chemists. On the other hand, it is perceived as a difficult course. According to 
Moore and Schwenz (57), this course "sets the tone" of the chemistry major. As 
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its name implies, physical chemistry is very closely related to physics, and this 
differentiates it from other mainstream chemistry and is the cause of its added 
difficulty for chemistry students. 

Physical chemistry and physics may be different fields but they have some 
important features in common: they are abstract; they both use mathematics; they 
overlap in some content areas (such as thermodynamics and quantum 
mechanics). To a large extent, science and physics educators started research on 
basic physics concepts that also are used in physical chemistry. Consequently, 
physical chemistry education research owns much to the work that has been done 
in physics education and has much in common with it. For example, they share 
some of the research methodology and an interest in studying the relationship 
between the physical description of phenomena and its mathematics description 
in the learner's mind. 

The Role of Meaningful Learning and Conceptual Understanding 

Physical chemistry involves abstract and complex concepts and processes, 
so learning is difficult without a thorough understanding of the subject. 
Otherwise, students have to resort to rote learning of definitions, formulas, and 
processes. According to Ausubel (38), meaningful learning is."a process that is 
considered qualitatively different from rote learning in terms of non-arbitrary 
and non-verbatim reproduction of the content that is to be learnt to existing ideas 
in cognitive structure. Both rote/meaningful and reception/discovery dimensions 
of learning exist on a continuum rather than being dichotomous in nature." 
Novak (39) makes explicit that "Meaningful learning at one edge of the 
continuum requires well organized relevant knowledge structure and high 
commitment to seek relationships between new and existing knowledge. Rote 
learning at the other edge results from little relevant knowledge poorly organized 
and little or no commitment to integrate new with existing relevant knowledge." 
Evidence of meaningful learning occurs when tests of comprehension are 
presented in a somewhat different context than those originally encountered. 
Novak shows how meaningful learning and the transfer of knowledge relate (39). 

The extent and complexity of meanings we hold in any domain are 
dependent on the quality and quantity of meaningful learning we have pursued in 
that knowledge domain. In turn, the quantity and quality of the knowledge 
structures we build will determine our ability to transfer this knowledge for use 
in new contexts. 

The Role of Models 

According to Justi and Gilbert (40), "a model: (i) is a non-unique partial 
representation of an object, an event, a process or an idea; (ii) can be changed; 
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(iii) is used for enhancing visualization, as a way of both supporting creativity 
and favoring understanding, in making predictions about behavior or properties; 
and (iv) is accredited by adequate groups in society." Grosslight et al. (41) 
explored the variance in conceptualization of the notion of model, and identified 
three levels of understanding: level 1, models as replicas of reality; level 2, they 
serve a specific purpose, with the emphasis still on reality; level 3, models 
thought of not as replicas of reality but as constructions that serve specific 
purposes, one of which is to test ideas. 

Models are broadly distinguished on the one hand into material or physical 
or concrete, and on the other hand into abstract or conceptual or symbolic. 
Symbolic models include mathematical formulas and equations. Gilbert et al. 
(42) classified models according to their ontological status as follows: mental, 
expressed, consensus, scientific, historical, and hybrid. Consensus, scientific, 
and historical models specifically developed for education are distinguished into 
teaching, curricular, and models of pedagogy. 

Models play an important role in physical chemistry education. Research 
has shown that students at all levels prefer concrete or simple abstract models, 
for example: space-filling models of atoms and molecules (43); the Bohr model 
of the atom (44-46); or the octet rule (47). These preliminary models are very 
stable. Although students at a higher educational level may have been exposed to 
abstract models of higher explanatory power, such as the quantum mechanical 
model of the atom or the theory of molecular orbitals, they find it difficult to 
replace the earlier models. What is frequently observed is that learners 
accommodate new knowledge into preexisting knowledge, constructing personal 
meanings and alternative mental models that contain elements from all earlier 
models (hybrid models) (48). 

Factors that Are Involved in Learning Physical Chemistry 

Nicoll and Francisco (49) carried out a correlational study on the effect of a 
variety of factors that may influence success in physical chemistry. The results 
from the students' (n = 77) and teachers' (n = 47) surveys indicated a clear 
disparity. The interpretation of the findings was that students and professors had 
different perceptions about what factors influence students' performance in the 
course. The authors reported significant relationships between students' grades 
and their logical thinking skills, but not with their information processing ability 
(see below), their previous chemistry knowledge, the extent of their exposure to 
mathematics, or their attitudes toward the course. No single predictor of 
performance (in mid-term and final semester exams) was found. While basic 
mathematical ability was an important factor, mathematical skills alone were not 
the best predictor of performance. Moreover, the numbers of mathematics 
courses the students took before physical chemistry had no correlation with 
actual performance in physical chemistry. 
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Derrick and Derrick (50) also examined factors that are considered as 
predictors of success in physical chemistry. Chemistry, physics, and mathematics 
grades and the number of times these courses were repeated were collected for 
60 physical chemistry students over a long period (1976-1999). Contrary to the 
findings of Nicoll and Francisco, they reported that success in prior mathematics 
courses affected positively physical chemistry grades. Success in calculus (but 
not in college algebra) was found to have a strongly significant effect. Success in 
previous chemistry and physics courses correlated also positively to success in 
physical chemistry. 

Hahn and Polik (51) investigated further various factors that affect success 
in physical chemistry, with the aim to corroborate and expand upon the factors in 
the Nicoll and Francisco study. They studied two physical chemistry courses 
using a larger student data set (n = 279). Motivation and study skills were two 
added factors in the study. To improve reliability of data, they also used student 
transcripts. Measures of success in physical chemistry were free-response exams 
written by the course instructor given during the semester, standardized final 
exam from the ACS DivCHED Examinations Institute, and the final course 
grade. As in the case of Derrick and Derrick, the findings disagreed with those of 
Nicoll and Francisco regarding mathematical ability, reporting that mathematical 
skills play an important role. They attributed this to mathematical techniques 
being a central part of solving problems in physical chemistry. The results of the 
correlational study indicated that mathematics performance, homework scores, 
and number of mathematics courses taken were all important factors. They also 
related to the four factors perceived by professors as most important to success 
in physical chemistry in the Nicoll and Franciso study (basic mathematical skills, 
logical thinking skills, motivation, and study skills). 

Finally, Sozbilir (52) studied Turkish undergraduate students' and lecturers' 
perceptions of students' learning difficulties in physical chemistry. Data were 
collected from the chemistry departments in two universities (n = 47 and 44 
respectively). Students worked in pairs or in groups of three, and answered a 
free-response survey consisting of two questions, at the end of the sixth semester 
after having been taught physical chemistry. In addition, the two instructors of 
the course in the two universities were interviewed. On a number of issues there 
was agreement between students and lecturers: the abstract nature of the 
concepts of physical chemistry; the overloaded course content; insufficient 
resources; teacher-centered, expository teaching; lack of student motivation. On 
the other hand, there were complaints by the students about having to memorize 
definitions and facts, the lack of relation among lectures, labs, and exams, and 
the high-level of mathematics used while less attention is paid to the concepts. 
The lack of links between the concepts of physical chemistry and their 
applications to industry and everyday life, as well as with their students' future 
careers, were also judged by the students as contributing to lack of motivation. 
Finally, lecturers were critical of the overcrowded classes and the lack of staff. 
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Turning to the implications from the above studies, Nicoll and Francisco 
(49) advised instructors to weigh the various factors that may influence success 
in physical chemistry, and to be careful in incorporating new knowledge into the 
physical chemistry curriculum. Derrick and Derrick (50) considered that small 
classes are very effective, making considerable attention possible for students 
and the opportunity for early intervention when the students have difficulty with 
the material. Hahn and Polik (57) recommended regular assignment of 
homework, communication to the students what they should have done so that to 
encourage good study skills, and assignment of homework problems and 
questions that are similar to those appearing in the course examinations. SGzbilir 
(52) urged that constructivist methods of teaching, that play more attention to 
quality than quantity of content, should be employed; in addition, there is a need 
for a flexible curriculum that will take into account the rate of students' learning 
and needs. Finally, it is the instructor's role to coordinate the four variables that 
influence learning, namely, characteristics of the learner, nature of learning 
activities, nature of assessment, and characteristics of materials (52, 53). 

Mathematics and Physical Chemistry 

Mathematical operations occur regularly both in the theory and problems of 
physical chemistry, contributing greatly to the complexity of the subject. 
Mathematics is essential for the meaningful learning of physical chemistry, but 
for this to happen it must be coupled with understanding of the underlying 
physical concepts. 

In the Nicoll and Francisco study (49), a math diagnostic was used that had 
been designed by the professor of the course to assess the math skills most 
commonly encountered in physical chemistry. It consisted of ten questions: 6 on 
calculus, 2 on algebra, and 2 on word problems. Word problems (for instance a 
simple problem in solution chemistry) required no knowledge of either chemistry 
or higher mathematics in order to solve them. It was found, that the ability to 
solve such word problems correlated most significantly with course grade. On 
the other hand, the ability to perform calculus-based problems correlated 
statistically significant but weaker. Also, as stated above, the number of 
mathematical courses taken had no bearing on their performance in physical 
chemistry. 

Derrick and Derrik's students (50) who had earned A and B in physical 
chemistry had been highly motivated and possessed both strong mathematics and 
strong cognitive skills. Students who had earned C were either less motivated or 
weak in mathematics or cognitive skills. In the Hahn and Polick study the 
average grade in the mathematics courses received the highest correlation 
coefficients in all three measures of success in physical chemistry (Pearson's r 
= 0.72, 0.50, and 0.72 respectively). The number of mathematics courses taken 
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did not correlate as highly as the average mathematics grade, suggesting that 
mathematical ability is more important than exposure. Note that the authors 
attributed the discrepancy between their finding and that of Nicoll and Francisco 
to the different methodology used in the student reporting of the number of 
mathematics courses taken. 

Several older studies (54-57) have attempted to correlate mathematical skill 
and student reasoning ability with success in physics, which is a prerequisite for, 
and is of a similar nature with physical chemistry. Mathematical skills seem to be 
necessary but not sufficient for success in physics. There are students with 
marginal mathematical skills, but with well-developed logical and conceptual 
skills who can be successful in physics. 

Apparently, different instructors may place different demands on the 
students with regard to mathematical ability. Some may be content with the 
capacity of students to connect physical chemistry with mathematics, while 
others may pay more attention to mathematical operations and calculations. 
These two distinct approaches may lead to different outputs and attitudes. 

Educational Research in 
Various Subfields of Physical Chemistry 

Next, we review findings of educational research about the main areas of 
physical chemistry. Most of the work done was in the areas of basic 
thermodynamics and electrochemistry, and some work on quantum chemistry. 
Other areas, such as chemical kinetics, statistical thermodynamics, and 
spectroscopy, have not so far received attention (although the statistical 
interpretation of entropy is treated in studies on the concepts of 
thermodynamics). Because many of the basics of physical chemistry are included 
in first-year general and inorganic courses (and some even in senior high 
school), many of the investigations have been carried out at these levels. 

Thermodynamics 

Much of the research that has been done to date on learning in the domain of 
thermodynamics has involved the study of populations other than college age 
physical chemistry students. Thermodynamics is usually first introduced in 
elementary and introductory physics courses. For this reason, many studies have 
been conducted from the physics education perspective (56-60). These studies 
provide insights into the learning of important basic concepts, uncovering 
misconceptions that students bring into physical chemistry courses. 

Students have severe difficulties in differentiating between heat and 
temperature. The distinction between extensive and intensive properties is 
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crucial for making the differentiation of heat from temperature (60). In addition, 
students find it difficult to apply the particle model to explain thermal processes. 
The meaning of the term 'energy' is another cause of considerable confusion. 
Heat is closely related to energy, with heat energy often considered only as a 
cause of temperature changes, and motion only as an effect of kinetic energy. 
Students fail to see temperature-equalization processes as caused by the 
interaction between the hot and the cold body. In addition, many students do not 
think that the temperature-equalization process may be spontaneously reversed 
(that is, temperature differences may occur by themselves). Kesidou & Duit (60) 
concluded that a totally new teaching approach to heat, temperature, and energy 
is necessary for a proper understanding of the second law of thermodynamics. In 
this approach, basic qualitative ideas of the second law should be a central and 
integral part from the beginning of the instruction. 

Looking at thermodynamics from the physical chemistry perspective, 
students at the high school and college levels experience difficulties with 
fundamental concepts in chemical equilibrium and thermodynamics (61). 
Thomas and Schwenz (62) found that physical chemistry students still have 
difficulties with the above concepts, which may continue through their 
professional careers. Both students and lecturers in the Sozbilir study (52) (see 
above) assumed the abstract nature of thermodynamics concepts as a cause of 
learning difficulties. 

Carson and Watson (63) have studied U K first year university students' 
understanding of enthalpy changes. Ten statements covering the knowledge and 
understanding about enthalpy changes were drawn up, and students' answers 
were compared to these. Most students held the same conception about enthalpy 
as pre-university students studying chemistry at advanced (A-) level. They did 
not see the meaning of enthalpy as problematic. Problems were found with the 
notion of pV work. Also, they did not understand the meaning of expressions 
like AH = AU + p AV. The use of terms for heat and work that have different 
scientific meaning from that in everyday usage was assumed to cause many of 
the problems. 

Thomas and Schwenz (62) investigated concepts of equilibrium and 
fundamental thermodynamics at the physical chemistry level: the first law of 
thermodynamics and related topics; the second law and entropy, spontaneous 
change and Gibbs energy; equilibrium, factors affecting equilibrium 
composition, and factors determining equilibrium constants. The study 
identified, classified, and characterized students' conceptions in comparison with 
those of experts, as expressed in textbooks. The results made it clear that 
students still had difficulties with chemical equilibrium, and pointed at the 
difficulty lecturers experience with attempting to modify students' conceptions 
through standard instruction. Thirty alternative conceptions and non-conceptions 
were identified, occurring in ranges from 25 to 100% of students (average: 
52%). 
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In another study, Carson and Watson (64) aimed at exploring further the 
qualitative understanding of students. A set of nine scientifically accepted 
statements about the concepts of entropy and free energy were developed, to 
which students' answers were compared. It was confirmed that chemistry 
students had formed some misconceptions related to thermodynamics before 
they began their university studies, and these had a significant impact on their 
understanding. Confusion in the use of thermodynamics terms like enthalpy, 
energy, entropy, and kinetic energy (also reported in previous studies) was 
found. Entropy was described in vague terms such as chaos or randomness. 
Energy changes were related to changes of state rather than to distribution of 
energy in microstates. 'Forms of energy' was added as a persistent alternative 
framework that interferes with new concepts in thermodynamics. 

Gibbs free energy was the subject of another study by SOzbilir (65) with 
Turkish chemistry undergraduate students. Open-ended diagnostic questions and 
interviews were used before and after the topic was taught. The study confirmed 
previous research findings about misconceptions and confusion of energy, 
enthalpy and entropy. In addition, it identified further misunderstandings. A lack 
of understanding of related concepts, such as equilibrium and reaction dynamics, 
energy, energy transformations, and the energy change involved in chemical 
reactions, was assumed as the origin of many misunderstandings. 

Turning to recommendations, Carson and Watson (64) were critical of the 
emphasis given during lecture courses, example classes, and examinations to 
numerical calculations using thermodynamic equations, while no effort is made 
to elicit and promote students' qualitative conceptual understanding. They 
recommended that thermodynamic entities should be defined qualitatively and 
their effect discussed before they are defined and treated quantitatively. 
Furthermore, the essence of thermodynamics is a study of interactions. Entropy 
and free energy cannot be understood as isolated entities that can be transformed 
into one another. Students need to understand them in the context of chemical 
'processes'/reactions. Sozbilir (65) argued that care should be taken to establish 
a secure knowledge of fundamental chemical concepts before teaching advanced 
ideas, for instance the difference between H and AH or G and AG. At the college 
general chemistry level, Teichert and Stacy (66) explored the effectiveness of 
intervention discussion sessions, in which the implications of research on student 
preconceptions, knowledge integration, and student explanation were taken into 
account. Two interventions, one on bonding and one on spontaneity and free 
energy change, were tested. It was found that the intervention group 
outperformed a control group. 

The various "canonical" representations of thermodynamics are an issue of 
concern. Tarsitant and Vicentini (67) analyzed a number of textbooks on 
thermodynamics, and pointed out divergent attitudes not only towards the 
definition of fundamental thermodynamic concepts, but also towards the 
epistemological status of the subject. According to these authors, these attitudes 
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underlie the relationship between the macroscopic/phenomenological and the 
submicroscopic/statistical approach on one side and the 'state' or 'process' 
approach on the other. Important for a deeper understanding of these mental 
representations is their historical reconstruction and epistemological analysis. 
Finally, De Berg (68) studied the mathematical analogy between van't Hoff s 
law for osmotic pressure and the ideal gas law from two points of view: as an 
artifact of the mathematical thermodynamic treatment of the phenomenon of 
osmosis, and as a result of a controversial kinetic molecular model that is 
assumed to have more educational value than the thermodynamic model. 

Electrochemistry 

Electrochemistry is a topic introduced in high school and first year general 
and analytical chemistry courses. Research has shown that many of the problems 
associated with electrochemistry are caused at earlier stages of education. A 
good knowledge of redox reactions is a prerequisite for the study of 
electrochemistry, but this topic presents its own difficulties (69). Garnett and 
Treagust (70, 71) studied conceptual difficulties by senior high school students 
in two areas: (i) electric circuits and oxidation-reduction equations; (ii) galvanic 
and electrolytic cells. They examined several senior chemistry textbooks for 
relevant conceptual and prepositional knowledge, and used this information to 
formulate knowledge statements that were included in the interview protocol. 
Several students were confused about the nature of electric current both in 
metallic conductors and in electrolytes. They also experienced problems in 
identifying oxidation-reduction equations. Misconceptions were also revealed in 
relation to the sign of the anode and cathode. Students who thought the anode 
was negatively charged believed cations would move toward it, while those who 
thought it was positively charged could not explain why electrons move away 
from it. In the case of electrolytic cells, many students did not associate position 
of the anode and cathode with the polarity of the applied electromotive force 
(emf). Confusion between galvanic and electrolytic cells was also detected. 
Finally, the authors incorporated eight misconceptions identified into an 
alternative framework about electric current, grounded on the notion that a 
current always involves drifting electrons, even in solution. 

According to Birss and Truax (72), students are likely to experience 
confusion and difficulty with more advanced treatments of the subject. With 
regard to conceptual difficulties, the authors looked at the equilibrium potential, 
the reversal of sign of electrode reactions that are written as oxidations, and the 
differences between galvanic (electrochemical) and electrolytic cells. An 
approach for teaching these topics at the freshman level was then proposed. In 
this approach, concepts from thermodynamics and chemical kinetics are 
interwoven with those of electrochemical measurements. Very useful are 
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schematic plots of current versus potential in a galvanic cell without or with 
current flow. 

Ogude and Bradley (73) investigated pre-college and college students' 
difficulties regarding the qualitative interpretation of the submicroscopic 
processes that take place in operating galvanic cells. Four areas were identified: 
conduction in the electrolyte; electrical neutrality; electrode process and 
terminology; and aspects relating to cell components, current, and cell emf. A 
questionnaire was used to determine how widespread the misunderstandings 
identified in the four areas above were at different educational levels and to 
determine their possible causes. According to the findings, the relevant 
misconceptions were present among students both in high school and at the 
tertiary level. Traditional methods of teaching and some textbooks were held 
responsible for causing or fostering some of the misconceptions by paying 
attention to quantitative/manipulative aspects of electrochemistry. Very little 
concern is paid with regard to qualitative understanding of the concepts and the 
processes involved. 

Sanger and Greenbowe (74) replicated the research done by Garnet and 
Treagust with modifications and expanded it to include concentration cells. Most 
commonly encountered misconceptions included: notions that electrons flow 
through the salt bridge and electrolyte solutions; that the plus and minus signs 
assigned to the electrodes represent net electronic charges; that water is 
unreactive in the electrolysis of aqueous solutions; and that half-cell potentials 
can be used to predict the spontaneity of individual half-cells, while galvanic cell 
potentials are independent of ion concentrations. The study added evidence 
showing that most students demonstrating misconceptions were still able to deal 
successfully with algorithmic quantitative problems. The authors considered 
unawareness of the relative nature of electrochemical potentials, and misleading 
and incorrect statements of textbooks as probable causes of the misconceptions. 

Sanger and Grenbowe (75) combined the data from their earlier study with 
those of Garnett and Treagust, and compiled a list of students' common 
misconceptions in electrochemistry. The list covered galvanic cells, electrolytic 
cells, and concentration cells. The role attributed to misleading or erroneous 
statements in textbooks as sources of misconceptions led these authors to 
analyze a number of general chemistry textbooks (75). 

Ozkaya (76) studied conceptual difficulties experienced by prospective 
teachers in a number of electrochemical concepts, namely half-cell potential, cell 
potential, and chemical and electrochemical equilibrium in galvanic cells. The 
study identified common misconceptions among student teachers from different 
countries and different levels of electrochemistry. Misconceptions were also 
identified in relation to chemical equilibrium, electrochemical equilibrium, and 
the instrumental requirements for the measurement of cell potentials. Learning 
difficulties were attributed mainly to failure of students to acquire adequate 
conceptual understanding, and the insufficient explanation of the relevant 
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concepts in textbooks. Ozkaya et al. (77) worked further with prospective 
teachers and studied their understanding of galvanic and electrolytic cells. The 
study identified new misconceptions in addition to known ones. 

Finally, Niaz (78) designed a teaching strategy that can contribute to 
improvement in performance in basic electrochemical calculations (balancing 
redox equations, using standard electrode potential values for predicting the 
direction of a cell reaction, and applying the laws of electrolysis). The strategy 
used 'teaching experiments' that provided students with both the correct and 
alternative responses to problems. In this way, a conflict situation was created, 
leading to conceptual change. The results of this study with freshman students at 
a major university in Latin America showed statistically significant difference in 
favor of the experimental group. 

The numerous concepts and aspects involved in electrochemistry 
(conduction in the electrolyte, electrical neutrality, electrode processes, polarity 
of electrodes, cell potentials, electrochemical equilibriums, the role of salt 
bridges, etc.) are complex and interwoven, and cannot be understood in isolation 
from each other; instead, the electrochemical cell should be understood in its 
entirety (73). Garnet and Treagust (71) recommended that teachers and textbook 
writers need to be cognizant of the relationship between physics and chemistry 
teaching, of the need to test for erroneous preconceptions about electric current 
before teaching galvanic and electrolytic cells, and of the difficulties experienced 
by the students when using more than one model to explain scientific 
phenomena. 

Sanger and Grenbowe (75) used their textbook analysis for drawing a list of 
five general suggestions for instructors and textbook authors: (i) avoid the use of 
simplifications (such as always drawing the anode as the left-hand half-cell); (ii) 
avoid the use of vague or misleading statements and terminology (such as "ionic 
charge carriers"); (iii) calculate cell potentials using the difference method (£° c eii 
= £°cathode- £°anode) instead of the additive method (£° c en = £ ° o x + £° r ed); (iv) avoid 
using simple electrostatic arguments to predict ion and electron flow in 
electrochemical cells; (v) always consider all possible oxidation and reduction 
half reactions, including the reactions of the electrodes, water and aqueous 
species. 

Finally, promising for the overcoming of relevant misconceptions is the 
coupling of teaching with computers (79, 80). In particular, animations appear to 
be helpful in visualizing chemical processes on the molecular level. Computer 
animations and simulations are most effective when coupled with actual 
demonstrations or working in the laboratory with electrochemical cells (80). 

Quantum Chemistry 

Elementary quantum-chemical theories of atomic and molecular structure 
[including atomic orbitals (AO) and molecular orbitals (MO)] are part of the 
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upper secondary curriculum in many countries. They are also taught in general 
chemistry or introductory inorganic chemistry courses in chemistry and other 
science departments. 

Numerous misconceptions occurring with students at the high school or the 
pre-physical chemistry tertiary level have been identified. Harrison and Treagust 
(81) reported that senior high school students confused electron shells and 
electron clouds. Taber (82, 83) found that British advanced high school (A-
level) students had real difficulties making sense of orbital ideas, treating the 
terms orbitals, shells, and orbits, interchangeably. They also became confused 
between the mathematical modelling (LCAO) of M O formation, and the orbitals 
themselves, referring to 'linear orbitals'. Given that, it is not surprising that they 
did not readily develop the concepts of MOs: "as an appreciation of MOs is built 
upon an understanding of the simple atomic case, it is to be expected that 
attempting to teach the more complex examples whilst students have limited 
conceptualizations of the simpler case may only compound their difficulties." 
Taber (84) extended his previous studies by drawing a 'typology of learning 
impediments.' The typology can be used by the instructors for diagnosing the 
origins of students' difficulties in learning orbital ideas. 

Tsaparlis and Papaphotis (85) reported that twelfth-grade students did not 
have a clear understanding of orbitals, among other misconceptions; for many, 
the orbitals represented a definite, well-bounded space; also, they did not realize 
the approximate nature of AOs for many-electron atoms. Zoller (86) argued that 
misconceptions and misunderstandings can develop among students in learning 
hybridization because of the problems related to understanding the meaning of 
fundamental concepts involved, such as the concept of atomic orbital and the 
real meaning of the s, /?, rf, and / orbitals. Nakiboglu (87) also found in her 
students serious misconceptions about hybridization, arising from problems with 
quite important pre-requisite knowledge, especially with the concept of atomic 
orbital. Coll and Treagust (88, 89) examined the advanced (upper secondary, 
undergraduate, and graduate) students' mental models of chemical bonding, and 
found that despite the participants' competence in the description and use of 
more abstract models (especially when simple models had inadequate 
explanatory power), all these learners (including MS and PhD students) 
preferred simple, realistic models, and related to more abstract models only in 
the context of tests or examinations. Furthermore, the students struggled to use 
their mental models to explain the physical properties of covalently bonded 
substances. 

On a more physics-oriented approach to quantum mechanics, Kalkanis et al. 
(90) accepted that the main misconceptions are caused by the overlapping/mix-
up of the conceptual frameworks of classical and quantum physics, and from 
epistemological obstacles to the acquisition of the proper knowledge. 
Furthermore, they proposed an educational strategy for a simple, qualitative and 
sufficient approach to quantum mechanics by prospective teachers. The strategy 
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aims at a conceptual structure that includes classical and quantum physics as two 
totally independent systems. The complete distinction of the two systems 
demands a radical reconstruction of students' initial knowledge that is based on 
the juxtaposition of the two models. Greca and Freire (97) have chosen a 
didactic strategy that puts the emphasis on the quantum features of the systems, 
instead of searching for classical analogies. In particular, the method considers 
the concept of quantum state as the key concept of quantum theory, representing 
the physical reality of the system, independent of measurement processes. More 
than half of the students involved in the implementation of the strategy attained a 
reasonable understanding of the basics of quantum mechanics. 

It follows from the above that students arrive at the quantum chemistry 
course carrying with them from previous instruction a number of misconceptions 
and incomplete knowledge about quantum-chemical concepts. This is attributed 
mainly to the elementary, imprecise and mostly pictorial coverage of the relevant 
concepts. Shiland (92) analyzed a number of secondary chemistry texts and 
found that they were not satisfactory with respect to the presence of the 
following four elements associated with a conceptual change model: 
dissatisfaction, intelligibility, plausibility, and fruitfulness. The conceptual 
change should aim at the students accepting the better rationale of quantum 
mechanics over simpler atomic models such as the Bohr theory (a very difficult 
task). 

A basic question is whether chemistry graduates have a deep and precise 
understanding of modern concepts of AOs, MOs and related concepts. An 
analysis of examination data of students who had passed the compulsory 
quantum-chemistry course was carried out by Tsaparlis (95). Most students 
failed to provide an exact definition for an A O , such as "a one-electron, well-
behaved function that can describe - more or less successfully - the behavior of 
an electron in an atom" (and similarly for an MO). For some students, an A O 
was understood as or connected with "a region in space inside which there exists 
a given probability, for example 90%, for an electron to be encountered." Also, a 
significant proportion of the students identified an M O only with a linear 
combination of AOs. Another source of confusion was the fact that the actual 
solutions of the Schrftdinger equation are complex functions, except for the s-
type orbitals. Impressive was the misinterpretation of the figure eight 'p-type 
atomic orbital,' familiar from previous instruction - this is a cross-section of the 
graph of the squared spherical harmonic, Y^fi, <p), for the pz A O ; it does not 
give the shape of a pz orbital. Very few students recognised the equal-
probability contour (or boundary surface) for a py orbital. 

In many-electron atoms, the Schrfldinger equation cannot be solved exactly, 
so approximations must be made. The simplest and crudest approximation is to 
neglect entirely electron-electron interactions (repulsions) and electron spin. In 
this way, hydrogenic orbitals are found as solutions. Into these orbitals we then 
place the electrons, according to the aufbau principle, and thus derive electron 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



92 

configurations. More sophisticated methods are available that take into account, 
in an approximate fashion, the electron-electron interactions. A l l these involved 
'details' that do not become knowledge for many students. The concept of Slater 
determinants, their definition, and the approximations involved proved difficult. 
On the other hand, writing all Slater determinants arising from a given electron 
configuration (an algorithmic process) was not difficult. Similar difficulty 
appeared for the concepts of spectroscopic terms, while finding the term symbols 
for a given configuration proved again an easy task. 

Pauling and Wilson (94) stated over seventy years ago that 

"Quantum mechanics is essentially mathematical in character, and an 
understanding of the subject without a thorough knowledge of the 
mathematical methods involved and the results of their application cannot 
be obtained." 

And as Coulson (95) has put it: 

"Mathematics is now so central, so much 'inside', that without it we cannot 
hope to understand our chemistry ... These (quantum-chemical) concepts 
have their origin in the bringing together of mathematics and chemistry." 

It is then quite understandable why, without the necessary mathematical 
machinery, the relevant concepts cannot be properly grasped. On the other hand, 
the mathematical disguise that is characteristic of quantum-chemistry courses 
makes both teachers and students pay more attention to the complexities of the 
mathematics (the tools, the 'trees') and lose the physics (the actual world, the 
'forest'). Although mathematics is essential for a deep understanding of quantum 
chemistry, the underlying physical picture and its connection with mathematics 
are equally important. AOs, MOs and related concepts derive from Schr6dinger's 
wave mechanics, which is an approximation to nature. According to Simons 
(96), "orbital concepts are merely aspects of the best presently available model; 
they are not 'real' in the same sense that experimental observations are." 

The physics of quantum chemistry is complicated and different from 
classical physics. It has been argued that thinking abilities beyond Piagetian 
formal operations may be of major importance for an adequate understanding of 
quantum-mechanical (and relativistic) issues (97). These post-formal operations 
include what has been termed as quantum logic (98). Although one can derive 
the Schrodinger equation with entirely classical arguments (99) (with Planck's 
constant h serving as the bridge between classical and quantum mechanics), one 
has to admit that quantum mechanics has brought a new way of thinking about 
the physical world at the subatomic level. Karakostas and Hadzidaki (700) 
argued that a realist (as opposed to an empiricist/constructivist) interpretation of 
quantum theory is necessary for revealing the inner meaning of the theory's 
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scientific content; according to these authors, this requires the abandonment or 
radical revision of the classical conception of physical reality. 

A feature of most introductions to quantum chemistry is their postulative 
approach. Although the Schrddinger equation cannot be proved or derived 
strictly, there are many ways to introduce this equation that provide insights into 
the meaning of quantum mechanics. Tsaparlis (101) has suggested an approach 
from the historical perspective, studying the methods of the pioneers 
Schr5dinger, Heisenberg, and Dirac; in addition, he made a synthesis of various 
modern heuristic treatments into a coherent and meaningful whole. 

Quantum theory suggests that, strictly speaking, "atomic orbitals can no 
longer be said physically to 'exist' in anything except one-electron systems; 
many-electron orbitals are ontologically redundant" (102). And yet, we know 
that chemists are very comfortable in using orbitals everywhere in a quasi-
classical manner that is judged to be in conflict with the essence of quantum 
mechanics (103). The extensive use of electronic configurations of atoms in 
chemistry textbooks (with a lot of relevant practice questions), reinforces further 
the impression about the fundamental nature of orbitals and configurations (104). 
This misconception is also extended by the modern visualisation of orbitals by 
means of computers (105, 106). We must be aware that the way chemists see and 
use quantum mechanics is essentially different from that of physicists (103, 104), 
with the result that the need for a 'philosophy of chemistry' has arisen (104). 
Accordingly, the view that chemistry has been reduced to physics, or more 
specifically quantum mechanics, is mistaken, according to Scerri (102). 

Finally, we must recognize that the complexity of quantum chemistry 
concepts, theories, and approximations is such that it will be difficult to expect 
that instruction could leave no lingering misconceptions (zero error tolerance). 
However, instructors should be aware of the problems, and have themselves a 
deep knowledge and understanding of all 'variables', methods, and issues. 

Problem Solving and Laboratory Work 

Problem Solving in Physical Chemistry 

Problem solving is an important and integral part of physical chemistry in 
addition to the concepts, principles and methods. There is a vast range of 
problems: closed problems, with one answer; open problems, which can have 
more than one answer and for which data may not be supplied; problems that can 
be solved by pencil-and-paper or by the computer; problems that need 
experiment in order to be solved; and real-life problems versus scientific 
problems or even thought problems. A thorough classification of problem types 
has been made by Johnstone (107). 
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It is accepted that physical chemistry instructors must give their students 
ample practice on straightforward problems (that is, exercises) that would give 
them familiarity with the application of the equations of physical chemistry. On 
the other hand, according to Ritchie et al. (108% it is very important to provide 
problems with which "students are asked to apply chemical reasoning to 
something approaching a real-life situation;" further, "it is vitally important for 
students to get into the habit of looking up facts and figures for themselves." For 
this reason, not all the required data are written into such problems. 

It follows from the above that a distinction must be made between problems 
and exercises, with the latter requiring for their solution only the application of 
well-known and practiced procedures (algorithms). The skills that are necessary 
for the solution of exercises are, as a rule, lower-order cognitive skills (LOCS). 
On the other hand, a real/novel problem requires that the solver must be able to 
use what have been termed as higher-order cognitive skills (HOCS) (109, 110). 

In the earlier studies of problem solving in the physical sciences, attention 
was centered on the differences in the methods and procedures used by students 
and by experts when solving problems (111-113). The basic differences were: 
(a) the comprehensive and complete scheme of the experts in contrast to the 
sketchy one of the novices; and (b) the extra step of the qualitative analysis taken 
by the experts, before they move into detailed and quantitative means of 
solution. 

The early stages in problem solving involve understanding the problem, that 
is building an internal (or mental) representation of it. In Larkin's words (114% 
"To work on the problem, the solver must convert the string of words with which 
he is presented into some internal mental representation that can be manipulated 
in efforts to solve the problem. Understanding the problem then means 
constructing for it one of these internal representations." Bodner and coworkers 
(115, 116) studied the correlation of spatial ability with performance in general 
chemistry and organic chemistry college courses. The tests of spatial ability used 
were tests of disembedding (see below) and cognitive restructuring in the spatial 
domain. These tests correlated best with the students' performance on novel 
problems, rather than algorithmic exercises. The conclusion was that very 
important factors for success in problem solving are the early preliminary stages 
in problem solving that involve disembedding the relevant information from the 
statement of the problem and restructuring or transforming the problem into one 
the individual understands. 

Tsaparlis (117) carried out a correlation study of the role of various 
cognitive factors (variables) in the solution of non-algorithmic quantitative 
problems in elementary physical chemistry. The cognitive variables were: 
scientific reasoning (developmental level), working-memory capacity; functional 
mental capacity (A/-capacity); and disembedding ability. 

Scientific reasoning is a measure of a student's level of intellectual 
development (118). [In previous work of various authors, the term 
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'developmental level' (which is associated with Piaget's developmental theory) 
has been used instead.] 

Working memory refers to the human limited capacity system, which 
provides both information storage and processing functions (119-121), and is 
necessary for complex cognitive tasks, such as learning, reasoning, language 
comprehension, and problem solving. Related to the working-memory capacity 
is the mental capacity or AZ-capacity, which derives from Pascual-Leone's theory 
of Constructive Operators (122-124). M-capacity or M-space represents "a 
reserve of mental energy that can be allocated to raise the activation weight of 
task-relevant schemes." A/-capacity, is further distinguished into the maximum 
available M-capacity or structural M-capacity (Ms), and the actually mobilized 
M-capacity or functional M-capacity (Mp. Both working-memory capacity and 
M-capacity refer to information holding and processing capacity. 

Disembedding ability refers to the degree of field dependence/field 
independence, and represents the ability of a subject to disembed information in 
a variety of complex and potentially misleading instructional contexts (125, 
126). This ability is also connected with the ability of the subject to separate 
signal from noise, thus, learners who use some of their memory capacity to 
process irrelevant data ('noise') appear to posses lower working-memory 
capacity, and are categorized as field dependent. 

Seven separate studies were carried out with chemistry students taking basic 
physical chemistry courses (117). Students had to solve a novel problem in an 
open-book, end-of-semester examination. Seven problems were used, mostly 
taken from the book by Ritchie et al. (108). One of the problems (adapted from 
Ritchie et al.) is reproduced below: 

A chemist in Mexico city, where the atmospheric pressure is 7.81xl0 4 Pa 
(that is p/p° = 7.81xl0 4/10 5 = 0.781 bar), determined the pH of a solution at 
25.0°C by making it the solution in a hydrogen electrode and measuring the 
potential of the electrode relative to some reference electrode (a calomel 
electrode). In calculating the pH of the solution from the potential 
measurement, he assumed, erroneously, that the (hydrogen) gas bubbling out 
of the hydrogen electrode was at a pressure of 1 bar. If he found the pH to 
be 5.00, what was the correct value? 

As a rule, students were not supplied with necessary data (facts, figures, 
values of constants, etc.) for solving the problems, but they had to search for 
them in their textbooks. In addition, the students were tested in a follow-up, 
closed book examination whether they had acquired the necessary knowledge 
(the partial steps) for solving the corresponding open-book problem. 

The problems used proved very difficult for the students. They are clearly 
not straightforward algorithmic problems and have a number of features of 
true/realistic problems. One could even think of extremely difficult problems 
combining conceptual understanding and physicochemical calculations (127). 
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The results of the seven studies were analyzed using the statistical method 
of meta-analysis. Homogeneity of the studies was checked with an appropriate 
statistical test, while combined Pearson correlation coefficients were estimated 
with four different methods. The main findings were: 

• scientific reasoning (developmental level) showed lack of correlation; 
• working memory showed weak correlations, but stronger than scientific 

reasoning; 
• both functional M-capacity and disembedding ability played a very 

important role (in terms of correlation) in the solution of the problems. 

Turning to the implications of the study, we first must take into account that, 
as far is known, working memory is genetically fixed. What must be increased is 
the individual student's efficiency in using whatever space he/she has. Part of 
this is disembedding ability; also 'chunking' ability. To our knowledge there are 
no established general methods or intervention programs that can be effective in 
increasing working-memory capacity or disembedding ability. However, practice 
in dealing with complex field situations and in using 'chunking devices' could 
increase efficiency. 

Field dependence-independence involves not just perceptual field, but also a 
degree of information processing (128). It has been reported that a field 
independent but low information-processing capacity student should demonstrate 
in problem solving similar cognitive behavior with a field dependent but high 
information-processing capacity student (128-130). Field-dependent students 
have specific requirements as regards teaching methods, so teaching materials 
require careful attention (131). Note that the distribution of students into the 
three levels of disembedding ability usually follows (approximately) the normal 
distribution. 

In conclusion, problem solving refers to students' ability to use their general 
background knowledge and apply it to novel situations. Information processing 
ability and disembedding ability are crucial in problem solving. Similarly, 
scientific reasoning and logical thinking skills (students' ability to apply logic 
and reason their way through the problem situation) certainly contribute. On the 
other hand, proficiency in mathematics plays often a vital role in physical 
chemistry problem solving. This proficiency requires specific content knowledge 
of how to do specific mathematical operations, such as integration, partial 
differentiation, solution of differential equations, or matrix algebra. According to 
Nicoll and Francisco (49): "Theoretically students should use all these skills 
while attempting to solve a physical chemistry problem. However, they are 
distinct skills that students acquire throughout their educational careers and use 
to varying degrees depending on the setting" (and their experience). 

Taking into account the importance of the preliminary stages in problem 
solving (understanding the problem), Bodner and Domin (132) recommended 
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encouraging students to use multiple representations when solving a problem. 
Students may "become more successful i f we can convince them of the 
limitations of being trapped in a verbal/linguistic representation system." 
Symbolic/pictorial representations can provide alternative useful insights. Zoller 
and Tsaparlis (110, 133) made suggestions that facilitate the transition from 
lower-order cognitive skills (LOCS) to the desired higher-order cognitive skills 
(HOCS). Combined HOCS and LOCS-type, formal and informal, examinations 
and tests are needed for challenging and fostering students to develop their 
HOCS capacity. Finally, according to Frazer (134), problems in university 
courses must be challenging and real problems, selected from the chemical 
literature, with solutions that will not be obvious to the students, even though the 
necessary information and reasoning is likely to be within their grasp. 

Laboratory Work 

An integral part of a student's education in physical chemistry is 
laboratory/practical work. While it is generally accepted that the main purposes 
of laboratory work are to teach hand skills and to illustrate theory, significant 
problems have been identified in the science education literature about the 
laboratory courses, and in particular about the ineffectiveness of laboratory 
instruction in enhancing conceptual understanding (135, 136), and unrealistic in 
its portrayal of scientific experimentation (137). 

Domin (138) distinguished four types of laboratory instruction: expository, 
inquiry, discovery, and problem-based. These styles can be differentiated by 
their outcome, their approach, and their procedure. Expository and problem-
based activities typically follow a deductive approach, while inquiry and 
discovery activities are inductive. 

The most commonly applied style of laboratory instruction in chemistry, 
including physical chemistry, is the expository one, which is instructor-centered. 
The learner has only to follow the teacher's instructions or the procedure (from 
the manual). The outcome is predetermined by the teacher and may also be 
already known to the learner. Expository instruction has been criticized for 
placing little emphasis on thinking (135, 136). Its 'cookbook' nature emphasizes 
the mechanical following of specific procedures to collect data, in order to verify 
or demonstrate principles described in textbooks. In this way, it is an ineffective 
means of building concepts, while little meaningful learning may take place 
(139). Such laboratory experiences facilitate the development of lower-order 
cognitive skills, such as rote learning and algorithmic problem solving (140). In 
addition, they "have little relevance to real life and so fail to promote in students 
a genuine interest and motivation for practical work" (137). 

Inquiry-based activities are more student-centered, contain less direction, 
and give the student more responsibility for determining procedural options than 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



98 

the traditional format. They effectively give students ownership of the laboratory 
activity, which can result in the students' showing improved attitudes towards 
laboratories. Although this type of practical work can foster many of the aims, it 
is time consuming, potentially costly, and very demanding on those who have to 
organize large laboratory classes. However, there is a strong case for its use from 
time to time and at all levels, as a short inquiry, attached to the end of an 
expository laboratory (737). The Journal of Chemical Education publishes 
frequently innovative laboratory experiments that are inquiry- as well as 
discovery- and problem-based (search under "Inquiry-Based/Discovery Method" 
and "Problem-Based Learning"). 

Accepting the facts that the conventional expository laboratory has many 
problems associated with it, as well as that it is not an easy task to replace it 
entirely with inquiry-type practical work, Tsaparlis and Gorezi (747) proposed a 
modification of a conventional, one-semester, expository physical chemistry 
laboratory to accommodate a project-based component. Eight project-type tasks 
were used, mostly taken from articles in the Journal of Chemical Education, 
which is a rich source. The conventional experiments remained intact in this 
approach, being simply enriched with the project-based component. Students 
working cooperatively carried out both the conventional and the project parts: in 
pairs for the conventional experiments, in groups of four for the project work. 

The originality of the projects and the feeling of ownership and 
responsibility contributed to the dedication and enthusiasm of the students during 
the performance of the experiments. The writing of the report and the oral 
presentation of the project were the very important concluding parts of it, and at 
the same time very demanding. The evaluation of this work by the students 
showed that the majority of them were in favor of cooperative work. Project 
work was judged superior for the development of a number of abilities in 
students, with most important being communication skills. Abilities related to the 
psychology of learning also benefited. The connection of chemistry with 
everyday life, especially modern applications (such as lithium batteries, 
commercial soaps, and corrosion of metals) attracted the students' interest and 
attention. 

Innovative Methods of Teaching 

Context-Based Approaches 

Context-based approaches to teaching and learning provide applications as 
starting points from which to develop the subject. The success of such 
approaches in high-school teaching in the US with ChemCom (142) and in U K 
with the Salters chemistry course (143) has encouraged the use of the approach 
in university. In the US, this success was attributed, at least in part, to higher 
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levels of interest and motivation amongst the students, together with their 
perception of the relevance of the topics (144). Zielinski and Schwenz (145) 
have identified the importance of context-rich teaching materials in the teaching 
of physical chemistry. 

Holman and Pilling (146) designed a short thermodynamics course for first-
year undergraduates that dealt with gas laws and the first law of 
thermodynamics. In this, they 'infused' contexts into the existing course. 
Research-linked contexts were thought appropriate for a university-level course. 
Context was applied to the course in a number of ways (lecture snippets, 
contextualized tutorial problems, workshop problems, and assessment 
questions). Short demonstrations and video-clips were used in lectures as a 
different kind of context. The approach was tested on students at two British 
universities. An evaluation of the course (by means of an end-of-year 
questionnaire) showed that the new approach contributed to making 
thermodynamics interesting and its principles clearer. Encouraging in favor of 
the contextualized learning was also the data from performance in the relevant 
examination. However, some doubts were expressed over how successful it was 
in developing students' abilities in problem solving. 

Yang et al. (147) used batteries and flashlights as a real-life context. They 
depicted how a flashlight works using a computer animation representing the 
internal system of the flashlight with batteries in it. The project identified 
students' misconceptions about electricity and electrochemistry, and was 
reported to be successful in achieving conceptual change in students. 

A context-based approach has also been developed by Belt et al. (148) for 
teaching aspects of thermodynamics, kinetics and electrochemistry usually 
associated with the early stages of undergraduate chemistry courses. The context 
was that of the generation of energy for an emerging city. Working in groups, 
students used an array of physical chemistry principles to examine the 
combustion of fossil fuels and hydrogen, the use of hydrogen in fuel cells, solar 
power, and energy from a geothermal source. Students' answers to feedback 
questionnaires revealed that the majority of them welcomed the opportunity to 
"put theory into practice" by studying physical chemistry in an applied context 
and to work as part of a group. 

Context-based approaches are consistent with Novak's theory of human 
constructivism (see also Discussion below). 

Teaching with Technology 

The use of technology, and especially of computers, in undergraduate 
physical chemistry may contribute to better teaching and learning. In particular, 
the use of models, simulations and animations may help students contradict and 
overcome common misconceptions. 
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A survey of computer use in university courses has been carried out by 
Miles and Francis (149). Due to poor response rate of a Web-based 
questionnaire, the findings were skewed toward those faculty members who were 
using computers in their course. The most widely used application among the 
respondents was the spreadsheet, while the use of molecular modeling, and 
symbolic mathematics software lagged behind. The authors recommended that 
teachers should develop more computer-based activities, exploit fully the Web 
resources, and transfer effectively technical skills. They also provided a list of 
relevant Web sites, but in the time elapsed since that publication, the currently 
available Web material must be greatly enhanced, both in terms of number of 
materials available and in terms of quality of content. 

Brattan, et al. (150) used computer-based resources for supporting the first-
year physical chemistry laboratory. A number of C D packages, each comprising 
video, background theory, worked examples and sample data, a glossary and a 
final test were created. Three learning packages, one each for basic phase 
equilibriums, basic chemical kinetics, and gas chromatography, were tested with 
students. It was reported that the students made good use of the material. The use 
of idealized computer-generated data had a clear benefit, demonstrating the 
effect of experimental error on results. Students' attitude to laboratory work 
improved. They worked consciously at the computer, discussed with their peers, 
and asked questions. In the laboratory, they appeared confident in their ability to 
plan and execute the experiments with minimum input from supervisors. 

The Journal of Chemical Education (JCE) provides a full range of 
computerized instructional materials, including Web-based computations and 
animations (search under "Computer-Based Learning", "Teaching with 
Technology", and "JCE WebWare: Web-Based Learning Aids"). According to 
Zielinski (151), in chemistry, but especially in physical chemistry, students "need 
excellent tools to enhance the potential for continued learning." For instance, in 
the April 2004 issue of JCE, Zielinski describes five Mathcad templates that deal 
with pressure-volume work, the Boltzmann distribution, the Gibbs free-energy 
function, intermolecular potentials and the second virial coefficient, and 
quantum mechanical tunneling. 

A new collection of the JCE Digital Library is JCE LivTexts: Physical 
Chemistry (152). Its aim is to include instructional resources that span the 
physical chemistry curriculum. Each chapter includes links to supplementary 
learning objects, such as background material, advanced treatments, interactive 
symbolic mathematics lessons, and exercises and projects. For instance, 
"Quantum states of atoms and molecules" is an introduction to quantum 
mechanics applied to spectroscopy, the electronic structure of atoms and 
molecules, and molecular properties (152). According to its authors, it allows 
students to develop information processing, critical thinking, analytical 
reasoning, and problem-solving skills. 
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Finally, Web-based simulations, incorporated as end-of-chapter problems, 
are now used in physical chemistry textbooks (755), with the aim that "students 
can focus on the science (the concepts) and avoid a math overload." 

Student Active and Cooperative Learning Methods 

The major conclusion of science education research is that active-learning 
methods of teaching and learning should replace the traditional didactic method 
of lecture. Active learning may be implemented by students working on their 
own (under the instructor's observation and guidance), but more effectively by 
students working together in small groups: of four or five to accomplish an 
assigned common learning task/goal (154). Active and cooperative learning 
methods are consistent with social/cultural constructivism, provide a better 
learning environment, and contribute to deeper understanding and development 
of learning skills (155-157). This form of learning is traditionally used in 
laboratory work. It was also used in the project-enriched physical chemistry 
laboratory described above (141). 

With regard to the size of the groups in that work, working in groups of four 
seemed acceptable to the majority of students (141). There have been studies 
(158) that suggested that pairs function better because peers cannot withdraw 
and leave the responsibility of the discussion to others. On the other hand, larger 
groups (e.g. fours) allow students to consider a wider range of ideas (159). 
Additional research reported that students progressed significantly more in their 
physics reasoning when interacting in fours rather than in pairs (160). 

A crucial issue in cooperative work is the dynamics within the group. Each 
individual engaged in such work may play three roles: the learner, the learner 
facilitator, and the leader. Important is also the interaction mechanism that 
focuses on a synergetic effect among individuals. It is reasonable to suggest that 
under certain conditions (cognitive and affective ones), there is a possibility that 
the outcome of working in groups could surpass individual capabilities because 
cross-fertilization occurs between interacting peers. In any case, the extent to 
which cooperative work promotes an individual's acquisition and retention of 
learned material depends on many factors, such as: the individual differences of 
the group members, the nature of the task, the process itself, and prior training in 
group-skills. The unequal contribution of the members of the group appears to 
be a very serious problem of cooperative work - it occurred with about one third 
of the students in the physical chemistry laboratory projects (141). 

Towns and Grant (161) studied cooperative learning activities in physical 
chemistry, in particular in a graduate-level thermodynamics course. Their 
purpose was to describe the structure of events during these activities. The 
findings showed that students were moved away from rote learning strategies 
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toward more meaningful learning ones, which allowed them to integrate 
concepts. The title of the relevant paper, "I believe I will go out of this class 
actually knowing something," speaks for itself. In addition, students developed 
interpersonal and communication skills. Two issues of concern should be taken 
into account (161). First, simply placing the students into groups does not mean 
that they will function as a group; they need to be carefully prepared for 
cooperative learning. Second, low-status students do not verbalize their ideas as 
often as high-status students. This has direct bearing on assessment. The authors 
recommended focusing assessment on how the students function as a group. 

Hinde and Kovac (162) used two active learning methods of physical 
chemistry, and compared and contrasted their relative strengths and weaknesses. 
The two authors employed quite different strategies, leading to two extremes of 
active learning methods. One author taught physical chemistry for majors, 
supplementing the traditional lecture method with cooperative-learning sessions 
that explored selected sessions in more depth. The sessions were heavily based 
on the use of computers, and were held approximately every two weeks in the 
computer laboratory. The other author taught biophysical chemistry to mostly 
biochemistry and biology students, and used almost exclusively cooperative 
learning, supplementing it occasionally with mini-lectures. In the second case, 
the students used a preliminary version of a set of guided-inquiry material (which 
relied almost exclusively on pencil-and-paper calculations) (see also the POGIL 
Project, below). Students' responses to the active-learning methodology were 
positive, and, more importantly, the students became more positive about 
physical chemistry. Guided inquiry turned out to be a more difficult method for 
teaching physical chemistry: "It is very difficult for students to extract the "big 
picture" from guided-inquiry exercises". A proper balance between exposition 
and guided inquiry should exist, and this depends on the students. In particular, it 
was found that students in biophysical chemistry would have benefited more 
form lectures, while students in physical chemistry for majors would have been 
benefited from more active learning exercises. Process-oriented guided-inquiry 
learning (POGIL) is a recent development in the teaching of physical chemistry. 
For a detailed description of that method, please see the chapter by Spencer and 
Moog in this book. 

Discussion and Recommendations for Instruction 

As stated in the introduction, science learning involves a complex interplay 
between the process of learning and the content. Knowledge of the content is a 
necessary but not sufficient condition for teaching chemistry (or any other 
subject); it is knowledge of the process of learning and the learner that provides 
the sufficient condition. Content knowledge refers to one's understanding of the 
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subject matter, while pedagogical knowledge refers to one's understanding of 
teaching and learning processes independent of subject matter. The combination 
of content knowledge with pedagogical knowledge leads to pedagogical content 
knowledge (PCK) (163, 164). P C K refers to knowledge about the teaching and 
learning of particular subject matter that takes into account the particular 
learning demands inherent in the subject matter. According to Geddis (165), 
many of the pedagogical skills of the outstanding teacher are content-specific. 

In this chapter, we saw studies that examined the factors that are most 
important to success in physical chemistry (basic mathematical skills, logical 
thinking skills, motivation, and study skills). In addition, we reviewed findings of 
research on students' misconceptions, and the difficulties in understanding 
deeply the concepts of physical chemistry, and particularly in the areas of 
thermodynamics, electrochemistry, and quantum chemistry. It was also 
suggested that problem solving is a very complicated process, involving more 
than one cognitive variable, as well as affective ones. A number of distinct skills, 
such as mathematical ability, information-processing and disembedding ability 
(but also scientific reasoning, and logical thinking skills) contribute to novel 
problem solving. Mathematical ability is necessary but not sufficient for success 
in problem solving. Providing students practice in using multiple representations, 
especially symbolic/pictorial, may contribute to improvement of problem-solving 
ability. Models are crucial in physical chemistry education. Research has shown 
that students prefer simple and realistic models, and find it difficult to replace 
the earlier models; instead, they often construct alternative models that contain 
elements from all earlier models. Of high importance is laboratory instruction, 
with the conventional expository laboratory being criticized for placing little 
emphasis on thinking. Inquiry-based activities require the learners to generate 
their own procedures. A simpler variety is provided by the project-based 
activities that, without calling for new procedures, require the students to try a 
new modern experiment. Finally, innovative approaches (such as context-based 
teaching, the use of new technology and the Internet, and active and cooperative 
learning) hold promise to affect students both cognitively and attitudinally. 

Research in science education has shown that students derive from their 
physical and social experiences numerous alternative conceptions or 
misconceptions. [These include instructor-driven misconceptions (166) that 
result from previous elementary, imprecise, incomplete instruction.] The 
literature uses an "inventory approach", organizing and reporting misconceptions 
by topic or subject, and this we did here for various areas of physical chemistry. 
An common explanatory framework about the behavior of the natural world has 
been proposed recently by Talanquer for analysing misconceptions (167). It is 
based on "commonsense reasoning" that tends "to generate quick explanations 
based on intuition and broad generalizations, without much reflection." A 
number of empirical assumptions, and of reasoning heuristics have been 
proposed as responsible for causing misconceptions. The assumptions are: 
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continuity, substantialism, essentialism, mechanical causality, and teleology. The 
heuristics are: association, reduction, fixation, and linear sequencing. For 
instance, the continuity assumption causes the misconception that molecules 
have the macroscopic properties of the corresponding substance, while the 
substantialism assumption that electron clouds and shells are made of some kind 
of stuff; on the other hand, the association heuristic leads to the misconception 
that heat is the principal cause of all chemical reactions, while the linear-
sequencing heuristic that in an electrochemical cell, electrons travel around the 
circuit causing a linear sequence of events. 

Science education research on concept learning has shown that to change 
misconceptions is a very hard task. Traditional instruction cannot overcome 
these ideas. But some innovative strategies from science education research on 
conceptual change are promising. Hewson and Hewson (168) describe teaching 
strategies, which aim at linking ideas. One technique is integration, which 
attempts to link concepts, for example atomic orbitals and molecular orbitals. 
Another technique is differentiation, which tries to identify differences between 
related concepts, such as complex and real, or hydrogenic and non-hydrogenic 
orbitals. These two techniques can provide missing links among concepts and 
thus facilitate learning and overcome misconceptions. 

Although it is recognized that most concepts of physical chemistry are 
highly abstract and complicated, we must also take note of a major source of 
difficulty in dealing with scientific concepts. It is known that many chemistry 
instructors subscribe to the view that mastery of chemical skills, such as 
manipulating mathematical equations and algorithmic problem solving, 
presupposes and therefore is equivalent to, conceptual understanding. Research 
reviewed above has shown that the ability, for instance, of students to write 
down electron configurations for atoms does not guarantee understanding of the 
underlying concepts. On the other hand, the need to cover a lot of material in an 
ever-expanding subject such as physical chemistry may lead instructors to rush 
through the material. We need to focus on meaningful learning, discourage rote 
learning, and aim at coherent understanding, and anticipate pre-conceptions. 
These can be achieved only by integrated, in-depth coverage of the topics (168). 

The content of physical chemistry is crucial for teaching and learning. 
Zielinski and Schwenz (169) have addressed what content should be included in 
lecture and laboratory, and have connected this with the suggestions from 
educational research about how students learn and the teaching pedagogy. The 
authors paid particular attention to the way mathematics should be treated and 
used in physical chemistry as well as to differentiating content and emphasis 
according to the diverse needs of various future scientists. Enrichment of core 
concepts with modern examples from the literature was also emphasized. 
Relevant to this is the criticism by Scerri (18) of the way chemistry education 
research engages issues of content. Accordingly, more effort should be put "into 
trying to bridge the widening gap between front-line research in chemistry and 
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the curriculum." Project cooperative work both in classes and labs could 
contribute here. Also, the content should not be left "as a mysterious black-box 
that is supposed to look after itself," as various innovative visualization 
multimedia projects tend to imply despite their ingenuity (18). 

What is equally or even more important is that the overall teaching 
methodology must change, for it could be that more and better content, taught in 
the old didactic way, is unlikely to improve the situation. Students must be more 
actively and cooperatively involved in the construction of physicochemical 
knowledge. Conceptual-change, constructivist pedagogy holds promise of being 
more effective (170). According to Niaz (171), conceptual change requires that 
we include in our courses "the experimental details not as a 'rhetoric of 
conclusions', but as 'heuristic principles', that are based on arguments, 
controversies, and interpretations of the scientists." 

Learning theories can guide physical chemists into expanding the traditional 
lecture by adding other activities. According to Novak's theory of human 
constructivism (24,25) "meaningful learning will occur when education provides 
experiences that require students to connect knowledge across the cognitive, the 
affective, and the psychomotor domains. Given that the learner's and teachers' 
'worlds' are not 'isomorphic' with one another, education must provide 
experiences for the sharing and negotiation of meanings. It should consist of 
those experiences that will empower a person to manage his/her daily life." Bretz 
(25) provided a very useful example of applying Novak's theory to physical 
chemistry teaching: students who study energy transformations must not only 
think of concepts (e.g. enthalpy and energy), but must also design and carry out 
experiments in the laboratory (e.g. combustion of foods with varying fat 
contents) which allow them to connect these abstract concepts to choices they 
must make in their daily lives (feeling and empowerment). Learning experiences 
that lack one or two of the three domains will prevent students from succeeding 
at meaningful learning. 

Towns (172) has applied Kolb's experiential learning theory (773) to 
teaching physical chemistry (atomic structure and spectra, and rotational-
vibrational spectroscopy). Kolb maintains that the learning is a continuous 
process that is grounded on experience. Therefore, learning is not the same for 
all individuals. There are two different processes of perceiving experience: 
sensing/feeling (for concrete experiences) and abstract conceptualisation (for 
thinking). In addition, there are two opposing ways of transforming experience: 
reflective observation (watching) and active experimentation (doing). In this 
way, individuals are categorized into accommodators (concrete and active), 
divergers (concrete and reflective), convergers (abstract and active), and 
assimilators (abstract and reflective) (772). 

Moore and Schwenz (37) called on instructors to present the material of 
physical chemistry in a manner that excites students, illustrates the usefulness of 
the material, and generates an understanding of the chemistry, rather than a 
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series of mathematical abstractions upon which the foundations of chemistry are 
laid. According to Engel and Reid (755), mathematics, while being central to 
physical chemistry can distract students from "seeing" the underlying concepts. 
Carson and Watson (63) suggested that undergraduate education in chemistry 
should be modified so that the majority of conceptual problems are addressed 
throughout the curriculum. Sozbilir (52) recommended that qualitative 
understanding of the concepts and laws of physical chemistry should precede the 
mathematical derivations and numerical calculations. Ogude and Bradley (73) 
maintained that traditional methods of teaching that pay attention to quantitative 
aspects of the subject are inadequate for detecting and overcoming 
misconceptions, while qualitative interpretations, that are mostly ignored by 
teachers, should be paid attention to. 

We conclude with reference to the declaration of eleven US academics and 
scientists, published in Science magazine (174), that the time has come for 
'scientific teaching' to be used in universities, "in which teaching is approached 
with the same rigor as science at its best." "Scientific teaching involves active 
learning strategies to engage students in the process of science and teaching 
methods that have been systematically tested and shown to reach diverse 
students." 
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Chapter 8 

Modern Developments in the Physical Chemistry 
Laboratory 

Samuel A . Abrash 

Department of Chemistry, University of Richmond, Richmond, VA 23173 

Developments in the physical chemistry laboratory since the 
publication of the germinal text by Schwenz and Moore (1) are 
categorized and reviewed. The categories examined include 
modern instrumentation, current topics in chemistry, integrated 
laboratories, and developments based on chemical education 
research. New experiments involving traditional instru
mentation and topics are include but are not reviewed 
extensively. 

Introduction 

In 1993 Richard W. Schwenz and Robert J. Moore published a book, under 
the auspices of the American Chemical Society, entitled "Physical Chemistry: 
Developing a Dynamic Curriculum"(/). This book followed a 1988 project by 
the Pew Mid-Atlantic Cluster on revision of the physical chemistry laboratory 
curriculum, and NSF funded workshops in 1990 and 1991 on physical chemistry 
curriculum development. Together they called for substantial changes in the 
content of the physical chemistry lab. 

The Schwenz and Moore book called for inclusion of modern laboratory 
instrumentation and techniques, as well as modern research topics in the 
laboratory curriculum. Under the umbrella of modern instrumentation, the 
authors included experiments with lasers, mass spectrometers and cyclic 
voltammetry. In modern topics, computational chemistry, experiments with 
biological relevance, atmospheric chemistry and polymer chemistry were 
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included. In addition, an experiment on the physical aspects of N M R was 
included. 

Interestingly, there were two significant gaps in the recommendations. The 
first was the lack of recommendations for education research on the physical 
chemistry laboratory, although in his contextual article (2), McCay called for 
future assessment of the experiments developed by the Pew Mid-Atlantic 
Cluster. The second related lacuna was in an absence of education research 
based revisions of the physical chemistry laboratory as a whole. 

It has been 13 years since Schwenz and Moore was published. In this article 
I will be looking to review the developments in the physical chemistry laboratory 
since the publication of this germinal book. I am attempting to be reasonably 
comprehensive in this review, and to bring some order to the large numbers of 
published experiments, I will discuss them under a few broad headings, that, 
while based in part on the emphases in Schwenz and Moore, have been 
expanded to reflect the range of new work in the field. These include Modern 
Techniques, Experiments for Integrated Laboratories, Studies of Modern 
Materials, Education Research Based Experiments or Curricula, and experiments 
on topics chosen for their relevance, that I call Real World Experiments. In 
addition, there has been a great deal of activity by faculty who have developed or 
improved experiments using traditional instrumentation or devoted to more 
traditional topics. These are valuable as well, and I have devoted a section to 
these new experiments. 

I have deliberately omitted those experiments already published in the form 
of laboratory manuals. One reason is the ready availability and clear 
organization of these textbooks. A second is that even for those with recent 
editions, most of the experiments they include predate Schwenz and Moore. 
Before embarking on this extensive review, however, I want to make a serious 
call for a major expansion in the effort and funding for education research on the 
physical chemistry laboratory. The experiments that I'm about to discuss have 
been the result of substantial thought and effort on the part of many of our 
colleagues, but with a very few exceptions, there has been no clear identification 
of the pedagogical goals, or the pedagogical benefits, and even fewer attempts to 
assess the degree to which they succeed. Some examples of reasonable 
pedagogical goals would include reinforcement of lecture topics, or instruction 
in laboratory techniques. The laboratory can be used to introduce a topic beyond 
that covered in the lecture, or to provide a context for lecture material. It can be 
used to teach research methods, experimental design or sophisticated methods of 
data analysis. Of course this is just a selection of possible goals. A good 
experiment could have one or more of these as its goals, or have others not 
mentioned. However, it is critical that a faculty member writing about a new 
experiment clearly identify the goals of the experiment, because without clear 
identification of the goals, it is not possible to determine the degree of 
pedagogical success of the experiment. 
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Even when a development is research based, in most cases the research is 
based on studies of first-year college students or on the National Research 
Council volumes, How People Learn: Brain. Mind, Experience and School (5) 
and How Students Learn: History, Mathematics and Science in the Classroom 
(4), that contain education research on students from K-12. Aristotle once said 
that the unexamined life is not worth living. Should we perhaps say that the 
unexamined curriculum is not worth teaching? We should all bring chemical 
education research into our courses by becoming aware of the research that has 
been done, by applying it to our teaching, and by opening our departments to the 
practitioners of this critical subject. 

Complete Revisions and Chemical Education 
Based Approaches 

As noted above, there are not many new approaches to the physical 
chemistry laboratory that are based on Chemical Education research, but there 
are some that deserve mention. Articles that are based on these approaches are 
listed in Table I. 

Chemical Education Research Related to the Physical Chemistry Lab 

Malina et al. (5) have published a constructivist analysis of how instrument 
use affects student concept development. The goal was to identify those 
characteristics that were the most important influences on student construction of 
scientific understanding. They focused on C C D Spectroscopy, and based their 
work on multiple theoretical frameworks, including distributed cognition and the 
theory of affordances. 

Weaver (<5), Long et al. (7), Slocum et al. (8), and Sauder et al. (9) have 
developed laboratory learning aids based on chemical education research and 
have done careful assessments of these aids. Weaver's project has been the 
development of a series of DVDs with the collective title "Physical Chemistry in 
Practice". The series currently includes disks on A F M and Surfaced Enhanced 
Raman Spectroscopy, and will eventually consist of a series of 10 DVDs 
covering a wide range of topics in the physical chemistry lecture and lab. They 
are meant to supplement either the lecture or laboratory portion of the course. 
The goal was to present modern topics in physical chemistry in a way that places 
them in a relevant context. The disks include theoretical material and graphical 
illustrations of how the techniques work, but also include illustrations of 
applications. Students using these DVDs along with their lecture or lab showed 
an increase in understanding of the material, but cited the understanding of the 
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reasons for these experiments arising from the discussions of applications as the 
most important feature of the DVDs. 

Another project that aims, in part, to enhance laboratory experiments is the 
Physical Chemistry Online (PCOL) project, that has been under development 
since 1994 by a large group of collaborators (7, 8, 9). PCOL consists of a series 
of short exercises involving faculty and students from several geographically 
distributed institutions working collaboratively. One goal of the project is to 
provide the opportunity for pedagogical innovation to faculty in departments that 
are sufficiently small that equipment, institutional or collegial support necessary 
for such innovation are not present (9). Several modules have been developed, 
on topics ranging from flame thermodynamics to laser spectroscopy. These 
modules use pedagogical approaches that include cooperative learning, case 
studies, and discovery-based learning. Rigorous assessment has been done to 
demonstrate the effectiveness of this project. 

Deckert et al. (70) have based a complete revision of a physical chemistry 
laboratory course on chemical education research. The course consists of four 
three-week modules. In each of the modules, students are guided toward 
planning their own experiments and data analysis and work collaboratively. A 
goal is to increase student preparedness for independent research. Some 
assessment of this project has been done. Gourley (77) has also tried a wholesale 
revision with the goal of creating a more "research-like experience". The unique 
feature of this laboratory curriculum is that after working on a module for a fixed 
period of time, each group presents a progress report, and then passes the project 
on to a new group to be continued. This project is still in an early phase and has 
not yet been formally assessed. 

In addition to these systemic approaches, I found two examples of 
individual experiments that were revised with an eye to the chemical education 
research. One is Long and coworkers' revisiting of the Spectrum of I 2 (72). 
Long et al. have developed a set of activities, based on education research, to 
facilitate the learning of the concepts critical to understanding this experiment. 
The approach has been carefully assessed and showed positive results both in 
student attitudes and understanding. 

Experiments Involving Modern Instrumentation 

In the past 13 years there has been a great deal of activity in the 
development of experiments using modern instrumental methods. While the 
bulk of these have been experiments either involving lasers, or magnetic 
resonance spectrometers, a very wide range of instruments and techniques are 
represented, including mass spectrometers, x-ray diffractometers, capillary 
electrophoresis, and the various molecular resolution electron spectroscopies. 
Because of the large numbers of experiments in each category, laser experiments 
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Table I. New Developments Based on Education Research 

Title Ref# 
How Students Use Scientific Instruments To Create Understanding: 
C C D Spectrophotometers 

5 

The Physical Chemistry in Practice D V D Series 6 
Physical Chemistry Online: A Small-Scale Intercollegiate 
Interactive Learning Experience 

7 

Online Chemistry Modules: Interaction and Effective Faculty 
Facilitation 

8 

Physical Chemistry Online: Maximizing Your Potential 9 
An Example of a Guided Inquiry, Collaborative Physical Chemistry 
Laboratory Course 

10 

Theory and Experiment 11 
The Iodine Spectrum: A New Look at an Old Topic 12 
Projects in the Physical Chemistry Laboratory: Letting the Students 
Choose 

13 

and magnetic resonance experiments will be treated in their own section. The 
remainder of the modern instruments and techniques will be treated together. 

Experiments Using Lasers 

The largest number of laser experiments were some form of fluorescence 
experiment (14-25). They are listed, along with transient absorption experiments 
(26-28), in Table II. In a way the large number of fluorescence experiments is 
not particularly surprising because fluorescence, as a zero-background 
technique, can be studied with relatively low-powered lasers and is therefore 
relatively inexpensive to implement. In fact, one of the experiments uses the 
ubiquitous and inexpensive Helium-neon laser to excite fluorescence in 
molecular iodine (14) while another illustrates several experiments that can be 
carried out using inexpensive diode lasers (15). Seven of these experiments used 
the relatively inexpensive pulsed-nitrogen laser (16-22). Among these laser 
fluorescence experiments are studies of excimer dynamics (16, 17), the use of 
luminescence quenching studies to determine p K a (18), luminescence studies of 
porous silicon (19), and the determination of viscosity by studying fluorescence 
depolarization (23). 

Only three experiments involving transient absorption were found, probably 
because the populations required for a good signal to noise ratio require more 
powerful and therefore more expensive lasers. One of these used transient 
absorption spectroscopy to study ozone formation (26), making this an 
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experiment of environmental interest as well, the second studied the 
displacement of benzene from an inorganic complex (27), while the third 
demonstrated an inexpensive apparatus that could be used for a number of 
different experiments (28). 

Another extremely well-represented group of experiments were those 
exploiting the Raman effect (29-35). Interestingly, in addition to the four 
experiments in this group involving simple Raman scattering (29-32), three 
involved nonlinear Raman effects. These included stimulated Raman scattering 
(33, 34), and surface enhanced Raman (35). These Raman experiments can be 
found listed in Table III. 

Raman was not the only type of laser experiment based on scattering. 
Several experiments were developed that exploited detection and analysis of 
scattered light. These included the use of light scattering to study critical 
phenomena (36), to probe surfaces (37), and to monitor growth of nanoparticles 
(38). 

Another set of experiments that exploited the coherence of laser emission 
used interferometry or refractometry to study a range of phenomena. These 
included polymerization kinetics (39), diffusion (40), surface tension (41), and 
viscosity (42). These experiments, along with the laser light scattering 
experiments, can be found in Table III. 

A fascinating category of experiments can be found in Table IV. These are 
the use of lasers to determine thermodynamic parameters. These include 
calorimetry (43), enthalpies of vaporization and vaporization rates (44, 45), and 
heat capacities (46). Other laser experiments that can be found in Table IV 
include the use of C W laser spectroscopy to determine the iodine binding-energy 
curve (47), the study of vibrational line profiles to determine intermolecular 
interactions (48), two photon ionization spectrometry (49), a study of optical 
activity and optical rotatory dispersion (50) and the development of several 
experiments using blue diode lasers (57). 

Magnetic Resonance Experiments 

Some readers may wonder at the inclusion of N M R under the rubric of 
modern instrumentation. After all, N M R spectroscopy has been a part of the 
curriculum in Organic Chemistry for years, and it is a rare student who cannot 
use ! H N M R , I 3 C N M R , and a host of multiple-pulse techniques to identify even 
structures of moderate complexity. However, N M R as a technique goes far 
beyond structure determination, and a number of these facets have been included 
in recent physical chemistry experiments. 

One of these applications of N M R is in the non-invasive determination of 
equilibrium constants. These are usually most easily carried out for unimolecular 
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Table II. Laser Experiments - Fluorescence and Transient Absorption 

Title Ref# 
The Helium-Neon Laser-Induced Fluorescence Spectrum of 
Molecular Iodine 

14 

Using a Diode Laser for Laser-Induced Fluorescence 15 
Nanosecond Time-Resolved Fluorescence Spectroscopy in the 
Physical Chemistry Laboratory: Formation of Pyrene Excimer in 
Solution 

16 

The Nitrogen-Laser Excited Luminescence of Pyrene 17 
Determinations of p K a from Luminescence Quenching Data 18 
Understanding the Origin of Luminescence in Porous Silicon 19 
Halide (CP) Quenching of Quinine Sulfate Fluorescence: A Time-
Resolved Fluorescence Experiment for Physical Chemistry 

20 

Excited State Lifetimes and Bimolecular Quenching of Iodine Vapor 21 
Laser-Induced Fluorescence of Lightsticks 22 
Viscosity by Fluorescence Depolarization of Probe Molecules 23 
Characterizing the Behavior and Properties of an Excited Electronic 
State: Electron-Transfer Mediated Quenching of Fluorescence 

24 

Fluorescence Lifetime and Quenching of Iodine Vapor 25 
Introduction of Laser Photolysis-Transient Spectroscopy in an 
Undergraduate Physical Chemistry Laboratory: Kinetics of Ozone 
Formation 

26 

Displacement of the Benzene Solvent Molecule from 
Cr(CO)5(benzene) by Piperidine: A Laser Flash Photolysis 
Experiment 

27 

Luminescence Decay and Flash Photolysis Experiments Using and 
Inexpensive, Laser-Based Apparatus 

28 

reactions (52, 55, 54), or for formation of complexed, either hydrogen bonded 
(54, 55) or some sort of chelation process (56). N M R is ideal for these types of 
experiments because it is it allows determination of equilibrium constants 
without quenching the reaction, and with minimum perturbation. Similar 
considerations allow N M R to be used to follow the kinetics of some systems, 
such as the hydrolysis of orthoesters (57), or the more novel study of the DC1-
HBr isotope exchange reaction in the gas phase (58). 

These experiments while moving beyond simple structure determination, 
still depend primarily on structure determination as their primary tool. A 
number of experiments have moved beyond this to exploit other characteristics 
of N M R . For example, spin saturation transfer can be used to study internal 
rotation of molecules (59, 60), and line shape analyses can be used to study 
intramolecular exchange processes (61), conformational interchange (62) and 
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Table III. Laser Experiments: Raman, Light Scattering and Interferometry 

Title Ref.# 
A Modular Raman Spectroscopy Using a Helium-Neon Laser That Is 
Also Suited for Emission Spectrophotometry Experiments 

29 

Quantitative Determination of the Rotameric Energy Differences of 1,2-
Dihaloethanes Using Raman Spectroscopy 

30 

Raman Spectroscopy of Symmetric Oxyanions 31 
The Second-Order Raman Spectrum of l 3 C Diamond: An Introduction 
to Vibrational Spectroscopy of the Solid State 

32 

A Nonlinear Optical Experiment: Stimulated Raman Scattering in 
Benzene and Deuterated Benzene 

33 

Stimulated Raman Spectroscopy of Small Molecules 34 
Surface Enhanced Raman Spectroscopy: A Novel Physical Chemistry 
Experiment for the Undergraduate Laboratory 

35 

Binary-Solution Critical Opalescence 36 
Surface Light Scattering Adapted to the Advanced Undergraduate 
Laboratory 

37 

Monitoring Particle Growth: Light Scattering Using Red and Violet 
Diode Lasers 

38 

An Interferometric Study of Epoxy Polymerization Kinetics 39 
Diffusion of CsCl in Aqueous Glycerol Measured by Laser Refraction 40 
Surface Tension Determination through Capillary Rise and Laser 
Diffraction Patterns 

41 

A Diode-Laser-Based Automated Timing Interface for Rapid 
Measurement of Liquid Viscosity 

42 

Table IV. Laser Experiments: Thermodynamic Measurements and 
Miscellaneous Topics 

Title Ref.# 
Photoacoustic Calorimetry: An Undergraduate Physical-Organic 
Experiment 

43 

Raman Spectroscopic Determination of Heats of Vaporization of Pure 
Liquids 

44 

Measurement of Evaporation Rates of Organic Liquids by Optical 
Interference 

45 

Determination of Heat Capacity of Liquids with Time-Resolved 
Thermal Lens Calorimetry 

46 

Binding Energy Curve for Iodine Using Laser Spectroscopy 47 
Vibrational Line Profiles As a Proof of Molecular Interactions 48 
Two-Photon Ionization Spectrometry of Alkali Atoms in Flames 49 
Using Guided Inquiry to Study Optical Activity and Optical Rotatory 
Dispersion in a Cross-Disciplinary Chemistry Lab 

50 

Blue Diode Lasers: New Opportunity in Chemical Education 51 
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electron transfer processes (63). Some experiments focus on fundamental 
aspects of N M R such as factors affecting spin-lattice relaxation times (64, 65, 
66). 

One interesting experiment combines several aspects of N M R spectroscopy, 
including multiple-dimensional N M R , the physics of spin systems, and the 
ability to study molecular organization, in the study of the spectra of a 
phospholipid (67). Another interesting experiment uses the difference in nuclear 
spin splittings observed for two different isotopes of boron to determine its 
isotopic ratio (68). Finally, one experiment combines 2D-NMR with 
computational chemistry in order to obtain complete assignment of terpene 
spectra (69). 

In contrast to the large number of N M R experiments, there are relatively 
few Electron Spin Resonance (ESR) experiments (a.k.a. Electron Paramagnetic 
Resonance, EPR) for the physical chemistry laboratory. This may be in part 
because of the cost of the apparatus, and the relative difficulty in interpretation 
compared to N M R . Despite these challenges, two recent experiments were 
developed to bring the ESR into the physical chemistry laboratory. One of these 
uses the technique to study the electronic structures of paramagnetic species 
(70). The other uses both an instructional and a research grade spectrometer to 
study the spectra of two inorganic complexes and one organic radical to 
introduce the students both to the principles of ESR, and the experience of 
spectral interpretation. (71). Both N M R and ESR experiments are listed in 
Table V . 

Atomic Microscopy, Mass Spectrometry, X-Ray Diffraction, 
Electrochemistry and Miscellaneous Techniques 

In addition to the techniques already discussed, experiments have been 
developed for the physical chemistry laboratory involving a number of other 
modern techniques. These are collected in Table VI . One group of techniques 
that has gotten a lot of recent attention in the literature involves atomic 
resolution microscopies, such as Scanning Tunneling Microscopy (STM) and 
Atomic Force Microscopy (AFM). One useful paper presents background to 
these techniques that would be a useful supplement for anyone teaching S T M in 
lab (72). The labs involving these techniques include an investigation of 
intermolecular interactions (73), the use of S T M to identify functional groups 
(74), a study of surface oxidation kinetics (75), and an introduction to A F M 
experiments (76). 

Mass spectrometry was one of the techniques highlighted in Schwenz and 
Moore, but there has been relatively little activity in developing new experiments 
in this area. However, new experiments have been developed using GC/MS and 
GC/MS/MS to study ion fragmentation mechanisms (77), using ion-trap MS to 
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study gas phase basicities of amino acids (78), and one series of experiments 
using a simple and relatively inexpensive quadrupole mass spectrometer (79). 

X-ray diffraction has been a part of the physical chemistry laboratory 
curriculum for a long time, but mostly using the relatively simple powder 
diffraction technique. However a new experiment introduces the more complex 
method of single crystal X-ray diffraction (80). Another new experiment uses 
the technique to investigate the structure of alloys (81). 

Table V . N M R and E P R Experiments 

Title Ref.# 
The Cis-Trans Equilibrium of N-Acetyl-L-Proline 52 
The Rearrangement of an Allylic Dithiocyanate 53 
Hydrogen Bonding Using NMR: A New Look at the 2,4-Pentanedione 
Keto-Enol Tautomer Experiment 

54 

Hydrogen-Bonding Equilibrium in Phenol Analyzed by NMR 
Spectroscopy 

55 

The Complexation of the Na+ by 18-Crown-6 Studied via Nuclear 
Magnetic Resonance 

56 

Kinetics of the Hydrolysis of Orthoesters: A General Acid-Catalyzed 
Reaction 

57 

Gas Phase NMR Study of the DCl-HBr Isotope Exchange Reaction 58 
NMR Determination of Internal Rotation Rates and Rotational Energy 
Barriers 

59 

Kinetics of Internal Rotation of JV,Af-Dimethylacetamide: A Spin-
Saturation Transfer Experiment 

60 

Dynamic NMR of Intramolecular Exchange Processes in EDTA 
Complexes of Sc 3 +, Y 3 + , and L a 3 + 

61 

Conformation Interchange in Nuclear Magnetic Resonance 
Spectroscopy 

62 

Examination of Electron Transfer Self-Exchange Rates Using NMR 
Line-Broadening Techniques 

63 

Teaching the Fundamentals of Pulsed NMR Spectroscopy in an 
Undergraduate Physical Chemistry Laboratory 

64 

Determination of Spin-Lattice Relaxation Time Using , 3 C NMR 65 
Superoxygenated Water as an Experimental Sample for NMR 
Relaxometry 

66 

NMR of a Phospholipid 67 
Measurement of the Isotopic Ratio of , 0 B / n B in NaBH 4 by 'H NMR 68 
Complete Assignment of Proton Chemical Shifts in Terpenes 69 
Use of EPR Spectroscopy in Elucidating Electronic Structures of 
Paramagnetic Transition Metal Complexes 

70 

An EPR Experiment for the Undergraduate Physical Chemistry 
Laboratory 

71 
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Schwenz and Moore introduced cyclic voltammetry as a modern approach 
to electrochemistry experiments. Three new experiments exploit this technique. 
One uses the technique as a probe or electrode surface area (82). A second uses 
the method to study adsorption of polyoxometalates on graphite electrodes (83). 
A third studies the effect of micelles on the diffusion and redox potentials of the 
well-studied ferrocene system (84). 

In addition to these, there were experiments exploiting quartz crystal 
microbalances (85), matrix isolation (86), differential scanning calorimetry (87), 
capillary electrophoresis (88), and inductively coupled plasma (ICP) 
spectrometers (89). 

Clearly the development of experiments involving modern instrumentation 
is a vibrant part of Physical Chemistry laboratory pedagogy. Equally clearly, 
there is now a need to focus more strongly on experiments involving instruments 
other than lasers or magnetic resonance spectrometers. 

Computers in the Physical Chemistry Laboratory 

The growth of computational chemistry and the ready availability of 
commercial ab initio packages has had a dramatic effect on the way that physical 
chemistry is practiced in the contemporary research laboratory. The clear 
implication is that without integration of computational chemistry into our 
physical chemistry laboratory curriculum we will be failing to teach our students 
how contemporary research is conducted. Fortunately, a number of approaches 
to including computational chemistry in the physical chemistry laboratory have 
been developed. These range from modifications of the full course to individual 
computational chemistry exercises for the laboratory. These developments can 
be found in Table VII. 

Parish (90) developed a laboratory course in which four computational 
exercises were included along with the usual range of experiments. The 
exercises included symbolic programming and visualization using Maple, a 
molecular mechanics exercise in conformational searching, a comparison of 
molecular dynamics and Monte Carlo in exploring potential hypersurfaces, and 
finally a study of migration/elimination reactions using density functional theory 
(DFT) and ab initio methods. Another, even more integral approach has been 
taken by Schaertel, who coupled every experiment in her physical chemistry 
laboratory with an appropriate computational method (97). Gourley's "Theory 
and Experiment" course (77) also involves integral coupling of theoretical 
methods and experimentation. 

In addition to these courses that integrate theory and experiment over 
several exercises, several individual exercises were developed that combined 
theory and experiments (92-95). The experimental methods ranged from cyclic 
voltammetry (92) to variable temperature N M R (94). The theoretical methods 
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Table V I . S T M , A F M , Mass Spec, Cyclic Voltammetry and Miscellaneous 
Methods 

Title Ref.# 
Electron Tunneling, a Quantum Probe for the Quantum World of 
Nanotechnology 

72 

Investigating Intermolecule Interactions via Scanning Tunneling 
Microscopy 

73 

Molecular Photography in the Undergraduate Laboratory: 
Identification of Functional Groups Using Scanning Tunneling 
Microscopy 

74 

Surface Oxidation Kinetics: A Scanning Tunneling Microscopy 
Experiment 

75 

Getting Physical with Your Chemistry: Mechanically Investigating 
Local Structure and Properties of Surfaces with the Atomic Force 
Microscope 

76 

Gaseous-Ion Fragmentation Mechanisms in Chlorobenzenes by 
G C / M S and GC/MS/MS: A Physical Chemical Approach for 
Undergraduates 

77 

Measuring Gas-Phase Basicities of Amino Acids Using an Ion Trap 
Mass Spectrometer 

78 

Design and Operation of a Portable Quadrupole Mass Spectrometer 
for the Undergraduate Curriculum 

79 

The Incorporation of a Single-Crystal X-ray Diffraction Experiment 
into the Undergraduate Physical Chemistry Laboratory 

80 

X-ray Diffraction Study of Alloys 81 
Determination of the Real Surface Area of Pt Electrodes by 
Hydrogen Adsorption Using Cyclic Voltammetry 

82 

A Simple Student Experiment for Teaching Surface 
Electrochemistry: Adsorption of Polyoxometalate on Graphite 
Electrodes 

83 

Micelles in the Physical Chemistry Laboratory: Diffusion 
Coefficients and Half-Wave Potentials of Ferrocene 

84 

An Undergraduate Laboratory Experiment for the Direct 
Measurement of Monolayer-Formation Kinetics 

85 

A Low-Cost Matrix Isolation Experiment 86 
Simulation and Analysis of Differential Scanning Calorimetry 
Output: Protein Unfolding Studies 1 

87 

Determination of a Diffusion Coefficient by Capillary 
Electrophoresis 

88 

ICP in the Physical Chemistry Laboratory: Determination of Plasma 
Temperature 

89 
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included semiempirical force fields (92, 93), ab initio, DFT (93, 94, 95), and 
molecular mechanics methods (95). 

Interestingly, in the experiments devoted solely to computational chemistry, 
molecular dynamics calculations had the highest representation (96-98). The 
method was used in simulations of simple liquids, (96), in simulations of 
chemical reactions (97), and in studies of molecular clusters (98). One 
experiment was devoted to the use of Monte Carlo methods to distinguish 
between first and second-order kinetic rate laws (99). One experiment used DFT 
theory to study two isomerization reactions (100). 

Table VII . Computers in the Physical Chemistry Lab 

Title Ref# 
Introduction of Computational Chemistry into the Physical 
Chemistry Laboratory 

90 

Integrating Computational Chemistry into the Physical Chemistry 
Laboratory Curriculum: A Wet Lab/Dry Lab Approach 

91 

Using Cyclic Voltammetry and Molecular Modeling to Determine 
Substituent Effects in the One-Electron Reduction of Benzoquinones 

92 

Determination of the Rotameric Stability of 1,2-Dihaloethanes Using 
Infrared Spectroscopy 

93 

Rotational Barriers in Push-Pull Ethylenes: An Advanced Physical-
Organic Project Including 2D E X S Y and Computational Chemistry 

94 

The Energy Profile for Rotation about the C-C Bond in Substituted 
Ethanes 

95 

Molecular Dynamics Simulations of Simple Liquids 96 
Molecular Dynamics Simulations of Chemical Reactions for Use in 
Education 

97 

Study of Molecular Clusters in Undergraduate Physical Chemistry 98 
First-Order or Second-Order Kinetics? A Monte Carlo Answer 99 
Computational Studies of Chemical Reactions: The H N C - H C N and CH3NC-CH3CN Isomerizations 

100 

Integration of National Instruments' Lab VIEW Software into the 
Chemistry Curriculum 

101 

A Low-Cost Dynamic Surface Tension Meter with a LabVIEW 
Interface and Its Usefulness in Understanding Foam Formation 

102 

The Measurement of Activity Coefficients in Concentrated 
Electrolyte Solutions 

103 
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In addition to computational chemistry, another use of computers in lab is 
the use of computers in the collection of experimental data. Two cited 
experiments (101,102) described the use of LabView in the physical chemistry 
laboratory, while the third involved computer data acquisition in an osmometry 
experiment (103). 

Experiments on Modern or Relevant Topics 

One of the points made in Schwenz and Moore was that the physical 
chemistry laboratory should better reflect the range of activities found in current 
physical chemistry research. This is reflected in part by the inclusion of modern 
instrumentation and computational methods, as noted extensively above, but also 
by the choice of topics. A number of experiments developed since Schwenz and 
Moore reflect these current topics. Some are devoted to modern materials, an 
extremely active research area, that I have broadly construed to include 
semiconductors, nanoparticles, self-assembled monolayers and other 
supramolecular systems, liquid crystals, and polymers. Others are devoted to 
physical chemistry of biological systems. I should point out here, that with rare 
exceptions, I have not included experiments for the biophysical chemistry 
laboratory in this latter category, primarily because the topics of many of these 
experiments fall out of the range of a typical physical chemistry laboratory or 
lecture syllabus. Systems of environmental interest were well represented as 
well. 

Materials: Nanoparticles, Self-Assembled Monolayers & Supramolecular 
Systems, Liquid Crystals and Polymers 

A number of experiments were devoted to semiconductors (104), and 
semiconductor nanoparticles (38, 105-109). Some of the experiments were 
devoted to the synthesis or growth process of the nanoparticles (105, 106, 109), 
while others were devoted to the unique properties of the particles (107, 108, 
109). 

Another well-represented category was that of self-assembled monolayers 
(SAMS) and other supramolecular systems. The experiments on the S A M S 
included studies of the surface pKa of one system (110), the kinetics and 
thermodynamics of the self-assembly process ( / / / ) , and the characterization of 
the S A M surface by study of solution contact angles (112). The experiments on 
supramolecular systems included studies on chemical equilibria in such systems 
(113, 114, 115), the kinetics of inclusion phenomena (116), and the use of 
solvatochromic probes in studying inclusion phenomena (117). 
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One experiment on liquid crystals was a multiweek effort devoted to 
synthesis of the material, and study of several of the important characteristics of 
the liquid crystals (118). This was in some ways a model paper, because in 
addition to describing an interesting project, it also provided a clear pedagogical 
rationale for the experiment, placed it in context in the curriculum, and included 
an assessment of how well the goals for the project were met. Other studies of 
liquid crystals included a computational approach to their study (119), and the 
study of rotational mobility in these unique materials (120). 

Several experiments were devoted to the study of polymers. One was 
devoted to the study of spin-coating (121). A second uses light scattering to 
measure polymer sizes (122). There were several approaches to polymer 
kinetics (39, 123, 124, 125). Finally there was one study using differential 
scanning calorimetry to study polymer glasses (126). A l l of these experiments 
on modern materials can be found listed in Table VIII. 

Current Topics: Physical Chemistry of Biological Systems 

A small number of experiments that are listed in Table IX were devoted to 
the physical chemistry of biological systems. The small number is surprising 
given the number of elegant experiments in the chemical literature in which 
physical chemical methods have been applied to biological problems. 
Nonetheless the range of experiments was very interesting. They included 
measurement of quantum yields and other parameters in a photosynthetic 0 2 

evolving system (127), the study of fluorescence in two proteins (128), 
measurement of renaturation rates of D N A (129), the use of viscosity 
measurements to infer the shapes of macromolecules (730), and kinetic studies 
on the removal of metal centers from enzymes (131). In addition, three 
experiments studied systems that could be used as models for biological systems. 
Two of these were studies of the effects of micelles on equilibria (132) or 
reaction rates (133). The third studied hydrogen bonding equilibria in a multi
phase system, an attempt to model the role of hydrogen bonds in biological 
systems where both hydrophobic and hydrophilic regions are present (134). 

Current Topics: Environmental and Miscellaneous Current Topics 

Environmental issues are a current topic that strongly motivates many 
students and that gets much attention in the news. Several new experiments were 
devoted to environmental topics. We have already mentioned a laser lab 
devoted to the study of the kinetics of ozone formation (26). Other new 
experiments studied the thermochemistry of biodiesel (135), the use of 
spectroscopy to estimate the average temperature of the earth's atmosphere 
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Table VIII. Experiments on Modern Materials 

Title Ref# 
The Dependence of Resistance on Temperature for Metals, 
Semiconductors and Superconductors 

104 

A Safer, Easier, Faster Synthesis for CdSe Quantum Dot Nanocrystals 105 
Growth Kinetics and Modeling of ZnO Nanoparticles 106 
Quantum Dots: An Experiment for Physical or Materials Chemistry 107 
Photoelectrochromism in Tungsten Trioxide Colloidal Solutions 108 
Synthesis and Optical Properties of Quantum-Size Metal Sulfide 
Particles in Aqueous Solution 

109 

Surface pK a of Self-Assembled Monolayers 110 
Kinetics and Thermodynamics of Au Colloid Monolayer Self-Assembly 111 
Contact Angles of Aqueous Solutions on Copper Surfaces Bearing Self-
Assembled Monolayers 

112 

Chemical Equilibrium in Supramolecular Systems as Studied by NMR 
Spectroscopy 

113 

A Practical Integrated Approach to Supramolecular Chemistry. I. 
Equilibria in Inclusion Phenomena. 

114 

Determination of Thermodynamic Processes of the Cyclodextrin 
Inclusion Process 

115 

A Practical Integrated Approach to Supramolecular Chemistry. II. 
Kinetics of Inclusion Phenomena 

116 

Cyclodextrin Inclusion Complexes with a Solvatochromic Fluorescent 
Probe 

117 

Synthesis and Physical Properties of Liquid Crystals: An 
Interdisciplinary Experiment 

118 

A Computer Experiment in Physical Chemistry: Linear Dichroism in 
Nematic Liquid Crystals 

119 

Rotational Mobility in a Crystal Studied by Dielectric Relaxation 
Spectroscopy 

120 

Spin-Coating of Polystyrene Thin Films as an Advanced Undergraduate 
Experiment 

121 

Spectrofluorimeters as Light-Scattering Apparatus: Application to 
Polymers Molecular Weight Determination 

122 

Use of a Reliable Homemade Dilatometer To Study the Kinetics of the 
Radical Chain Polymerization of PMMA 

123 

Polystyrene Kinetics by Infrared 124 
Propagating Fronts of Polymerization in the Physical Chemistry 
Laboratory 

125 

Study of Polymer Glasses by Modulated Differential Scanning 
Calorimetry in the Undergraduate Physical Chemistry Laboratory 

126 
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(136), studies of carbon dioxide concentration relaxation (137), the adsorption of 
p-nitrophenol from an aqueous solution (a model system for remediation of 
polluted water) (138), and finally a study of the use of semiconductors in solar 
energy conversion (139). 

There were also several experiments involving current topics that did not fit 
neatly into a category. These included studies of supercritical phenomena (140, 
141), cometary spectroscopy (142), experimental studies on the thermodynamics 
of heat pumps (143), a study of industrially relevant phase transfer catalysts 
(144), and finally an electrochemical study of a commercial soap (145). Both 
the environmental and the miscellaneous experiments can be found listed in 
Table X . 

Integrated Laboratories 

Another modern trend is the development of laboratory courses based on 
multi-week projects, involving not just one subdiscipline of chemistry but two or 
more. Such laboratory courses have been labeled "Integrated Laboratories". 
They are motivated in part by the belief that this type of integrated approach 
more closely models the way real chemical research is done and will provide 
stronger motivation for students than the more traditional one-subject laboratory 
courses. 

One example of such a course is the Haverford "Laboratory in Chemical 
Structure and Reactivity" (146) that includes six projects, each of which involves 
sample preparation, sample analysis and some kind of determination of the 
properties of the substance prepared. The projects include organopalladium 
chemistry, porphyrin photochemistry, enantioselective synthesis, computer-aided 
modeling, enzyme kinetics and electron transfer reactions. 

Another example is the interdisciplinary laboratory developed at Harvey 
Mudd College (147) in which eight different interdisciplinary experiments, 
ranging from thermal properties of an ectothermic animal to synthesis and 
characterization of liquid crystals, are carried out over two semesters. 

In addition to development of full laboratory courses, several individual 
experiments that can be included in such integrated laboratories have been 
developed recently. They include experiments on photocatalysis (148), 
synthesis, kinetics and thermodynamics of an inorganic compound (149), studies 
on conformational analysis (150), synthesis and variable temperature proton 
N M R of an inorganic compound (151), and the study of microemulsions (152). 
As such laboratories become more common, we can expect more of these 
experiments to appear in the literature. These integrated laboratory courses and 
experiments can be found in Table XI . 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



132 

Table IX. Physical Chemistry of Biological Systems 

Title Ref# 
Measurement of Quantum Yield, Quantum Requirement, and 
Energetic Efficiency of the 0 2-Evolving System of Photosynthesis by 
a Simple Dye Reaction 

127 

Ribonuclease Tj and Alcohol Dehydrogenase Fluorescence 
Quenching by Acrylamide 

128 

Examining the Rate of Renaturation for Genomic DNA Isolated from 
E ColL 

129 

Viscosity and the Shapes of Macromolecules 130 
Removal of Zinc from Carbonic Anhydrase 131 
Micelles in the Physical/Analytical Chemistry Laboratory. Acid 
Dissociation of Neutral Red Indicator 

132 

Micellar Effects on the Spontaneous Hydrolysis of Phenyl 
Chloroformate 

133 

A Family of Hydrogen Bonds in the Model System Salicylic Acid -
Toluene - Water 

134 

Table X . Environmental Experiments and Miscellaneous Topics 

Title Ref.# 
Determination of the Heat of Combustion of Biodiesel Using Bomb 
Calorimetry 

135 

Fine-Structure Measurements of Oxygen A Band Absorbance for 
Estimating the Thermodynamic Average Temperature of the Earth's 
Atmosphere 

136 

Carbon Dioxide Dissolution as a Relaxation Process 137 
Adsorption of p-Nitrophenol from Dilute Aqueous Solution 138 
Photoelectroconversion by Semiconductors 139 
Exploring Phase Diagrams Using Supercritical Fluids 140 
Measuring P-V-T Phase Behavior with a Variable Volume View Cell 141 
Cometary Spectroscopy for Advanced Undergraduates 142 
Experimental Demonstration of the Principles of Thermal Energy 
Storage and Chemical Heat Pumps 

143 

Phase-Transfer Catalytic Reactions 144 
An Undergraduate Physical Chemistry Experiment on Surfactants: 
Electrochemical Study of a Commercial Soap 

145 
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Table XI. Integrated Laboratories and Experiments for Integrated 
Laboratories 

Title Ref.# 
Laboratory in Chemical Structure and Reactivity - Superlab II 146 
An Integration of Chemistry, Biology and Physics: The 
Interdisciplinary Laboratory 

147 

Photocatalysis, A Laboratory Experiment for an Integrated Physical 
Chemistry-Instrumental Analysis Course 

148 

Synthesis, Kinetics, and Thermodynamics: An Advanced Laboratory 
Investigation of the Cis-Trans Isomerization of Mo(CO) 4 (PR 3 ) 2 

149 

Conformational Analysis in an Advanced Integrated Laboratory 
Course 

150 

Synthesis and Variable-Temperature *H N M R Conformational 
Analysis of Bis(r|5-cyclopentadienyl)titanium Pentasulfide 

151 

Microemulsions as a New Working Medium in Physical Chemistry 152 

Traditional Experiments 

In addition to the activity documented above there has been a tremendous 
amount of activity in the development of more traditional experiments for the 
physical chemistry laboratory. Some of these experiments are improvements on 
older methods, some involve new systems, and some involve new types of 
analysis. There are far too many of these experiments to discuss individually, 
but all of them will be found listed in tables below. They have been divided 
roughly into spectroscopy and the electronic structure of matter, 
thermodynamics, including thermochemistry and properties of liquids, solids and 
solutions, and kinetics, including photochemistry. 

The spectroscopy experiments are further subdivided into: atomic 
spectroscopy found in Table XII, infrared and Raman spectra found in table 
XIII, visible and ultraviolet absorption spectroscopy found in table X I V , and 
luminescence spectroscopies found in table X V . 

The thermodynamics experiments are subdivided into experiments on 
calorimetry and heat capacity, Table X V I ; phase transitions, Table XVI I ; 
properties of gases, liquids, solids, solutions and mixtures, Table XVIII ; and 
finally equilibrium and miscellaneous "thermodynamic topics", Table X I X . 

The kinetics experiments are subdivided into classical kinetics experiments, 
Table X X ; photochemistry, Table X X I ; catalysis, oscillating reactions and 
miscellaneous topics in kinetics, Table XXII . 
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Table XII. Atomic Spectroscopy Experiments 

Title Ref-# 
Use of the Vreeland Spectroscope in the Quantum Chemistry 
Laboratory 

153 

The Balmer Spectrum of Hydrogen: An Old Experiment with a New 
Twist 

154 

A Procedure to Obtain the Effective Nuclear Charge from the 
Atomic Spectrum of Sodium 

155 

The Ionization Energy of Helium 156 
Mass Ratio of the Deuteron and Proton from the Balmer Spectrum of 
Hydrogen 

157 

Table XIII. Infrared and Raman Spectroscopy Experiments 

Title 
Geometry of Benzene from the Infrared Spectrum 158 
Determination of Surface Coverage of an Adsorbate on Silica Using 
FTIR Spectroscopy 

159 

Infrared Spectrum and Group Theoretical Analysis of the Vibrational 
Modes of Carbonyl Sulfide 

160 

Applications of Group Theory: Infrared and Raman Spectra of the 
Isomers of 1,2-Dichloroethylene 

161 

Modeling Stretching Modes of Common Organic Molecules with the 
Quantum Mechanical Harmonic Oscillator 

162 

Isotope Ratio, Oscillator Strength, and Band Positions from C 0 2 I R 
Spectra 

163 

The Fundamental Rotational-Vibrational Band of CO and N O 164 
Vibrational-Rotational Spectra: Simultaneous Generation of HC1, 
D C l , HBr and DBr 

165 

Determination of the Rotational Barrier in Ethane by Vibrational 
Spectroscopy and Statistical Thermodynamics 

166 

Using the Asymmetric Stretch Band of Atmospheric C 0 2 to Obtain 
the C=0 Bond Length 

167 

An Interactive Dry Lab Introduction to Vibrational Raman 
Spectroscopy Using Carbon Tetrachloride 

168 
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Table XIV. Visible/Ultraviolet Absorption Spectroscopy Experiments 

Title Ref-# 
Cotton Effect in Copper-Proline Complexes in the Visible Region 169 
The Electronic Absorption Spectrum of Molecular Iodine: A New 
Fitting Procedure for the Physical Chemistry Laboratory 

170 

Influence of Dielectric Constant on the Spectral Behavior of Pinacyanol 171 
Use of Htickel Molecular Orbital Theory in Interpreting the Visible 
Spectra of Polymethine Dyes 

172 

An Experiment in Electronic Spectroscopy: Information Enhancement 
Using Second Derivative Analysis 

173 

Visible Spectra of Conjugated Dyes: Integrating Quantum Chemical 
Concepts with Experimental Data 

174 

Alternative Compounds for the Particle-in-a-Box Experiment 175 
Visible Absorption Spectroscopy and Structure of Cyanine Dimers in 
Aqueous Solution 

176 

Table XV. Luminescence Spectroscopy Experiments and Miscellaneous 
Electronic Structure Experiments 

Title Ref# 
A Simple Device to Demonstrate the Principles of Fluorometry 177 
Micellar Aggregation Numbers - A Fluorescence Study 178 
Fluorescence and Light Scattering 179 
Are Fluorescence Quantum Yields So Tricky to Measure? A 
Demonstration Using Familiar Stationery Products 

180 

Fluorescence Measurement of Pyrene Wall Adsorption and Pyrene 
Association with Humic Acids 

181 

Spectroscopy of Flames: Luminescence Spectra of Reactive 
Intermediates 

182 

Fluorescence Quenching in Microheterogeneous Media 183 
Enhanced Luminescence of Lanthanides: Determination of Europium 
by Enhanced Luminescence 

184 

Luminescence Quenching in Microemulsion Studies 185 
A Room-Temperature Emission Lifetime Experiment for the Physical 
Chemistry Laboratory 

186 

Phosphorescent Lifetimes and Spectra 187 
Molecular Photophysics of Acridine Yellow Studied by 
Phosphorescence and Delayed Fluorescence 

188 

An Experimental Determination of the Second Radiation Constant 189 
Cost-Effective Spectroscopic Instrumentation for the Physical 
Chemistry Laboratory 

190 

Determination of the Magnetic Moments of Transition Metal 
Complexes Using Rare Earth Magnets 

191 
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Table XVI. Calorimetry and Heat Capacity Experiments 

Title Ref# 
Calorimetric Determination of Aqueous Ion Enthalpies 192 
An Integrated-Circuit Temperature Sensor for Calorimetry and 
Differential Temperature Measurement 

193 

Simultaneous Determinations of Sulfur and Heat Content of Coal 194 
The Isothermal Heat Conduction Calorimeter: A Versatile Instrument 
for Studying Processes in Physics, Chemistry, and Biology 

195 

Lab Works and the Kundt's Tube: A New Way To Determine the Heat 
Capacities of Gases 

196 

Thermal Analysis of Carbon Allotropes 197 
Thermoprogrammed Desorption 198 

Table XVII. Experiments on Phase Transitions 

Title Ref.# 
Determination of Enthalpy of Vaporization Using a Microwave Oven 199 
Enthalpy of Vaporization by Gas Chromatography 200 
Vapor Pressure Measurements in a Closed System 201 
A Novel Method for Examination of Vapor-Liquid Equilibria 202 
Determination of Enthalpy of Vaporization of Pure Liquids by U V 
Spectrometry 

203 

A Convenient, Inexpensive, and Environmentally Friendly Method of 
Measuring the Vapor Pressure of a Liquid as a Function of 
Temperature 

204 

The Solid-Liquid Phase Diagram Experiment 205 
Multichannel D T A Apparatus for the Measurement of Phase Diagrams 206 
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Table XVIII. Experiments on Properties of Gases, Liquids; Solids, 
Solutions and Mixtures 

Title Ref.U 
Diffusion of Water Vapor 207 
Rare Gas Viscosities: A Learning Tool 208 
Application of Light-Emitting Diodes and Photodiodes Coupled to 
Optical Fibers To Study the Dependence of Liquid Viscosity on 
Temperature 

209 

Quantifying Meniscus Forces with an Electronic Balance: Direct 
Measurement of Liquid Surface Tension 

210 

An-Easy-To-Build Rotational Viscometer with Digital Readout 211 
A Multipurpose Apparatus to Measure Viscosity and Surface Tension of 
Solutions 

212 

Mechanical Coefficients of Liquids by a Differential Expansion Method 213 
Convection in a Continuously Stratified Fluid 214 
Raoult's Law: Binary Liquid-Vapor Phase Diagrams 215 
The Vapor Pressure of Liquid Binary Solutions 216 
Survey of Binary Azeotropes as Physical Chemistry Laboratory 
Experiments with Attention to Cost, Safety, and the Environment 

217 

A Physical Chemistry Lab Project: The Effect of Composition on 
Several Physical Properties of Binary Mixtures of Common Liquids 

218 

A Laboratory Method for the Determination of Henry's Law Constants 
of Volatile Organic Chemicals 

219 

An Introductory Experience for Physical Chemistry: Victor Meyer 
Revisited 

220 

Contact Angle Goniometry as a Tool for Surface Tension Measurements 
of Solids, Using Zisman Plot Method 

221 

Table XIX. Experiments on Equilibrium and Miscellaneous 
Thermodynamic Topics 

Title Ref# 
Iron(III) Thiocyanate Revisited: A Physical Chemistry Equilibrium Lab 
Incorporating Ionic Strength Effects 

222 

A Dibasic Acid Titration for the Physical Chemistry Laboratory 223 
The Effect of Diffusion Due to a Temperature Gradient on the 
Measurement of the N 2 0 4 - N 0 2 Equilibrium Constant 

224 

Simultaneous Determination of the Ionization Constant and the 
Solubility of Sparingly Soluble Drug Substances 

225 

Determination of the Critical Micelle Concentration of Cationic 
Surfactants 

226 

The Solubility Product of PbCl 2 from Electrochemical Measurements 227 
Rubber Elasticity: A Simple Method for Measurement of 
Thermodynamic Properties 

228 
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Table X X . Classical Kinetics Experiments 

Title Ref.# 
Gas Phase Kinetics of 0 3 + C 2 H 2 and 0 3 + H 2C=CC1 2 

229 
Graphical Interface for the Study of Gas-Phase-Reaction Kinetics: 
Cyclopentane Vapor. Pyrolysis 

230 

The Spontaneous Hydrolysis of Methyl Chloroformate 231 
Hydrolysis of Pentaamminechlorocobalt(IIl): A Unified Mechanistic 
View 

232 

Kinetics of Methylene Blue Reduction by Ascorbic Acid 233 
Decomposition of Aspartame 234 
Synthesis and Kinetics of Hydrolysis of 3,5-Dimethyl-N-acetyl-p-
benzoquinone Imine 

235 

Chemical Kinetics in Real Time: Using the Differential Rate Law 
and Discovering the Reaction Orders 

236 

Pressure Measurements to Determine the Rate Law of the 
Magnesium-Hydrochloric Acid Reaction 

237 

Evaporation Kinetics in Short-Chain Alcohols by Optical 
Interference 

238 

A Novel Experiment in Chemical Kinetics: The A <=>B—>C Reaction 
System 

239 

An Undergraduate Physical Chemistry Experiment on the Analysis 
of First-Order Kinetic Data 

240 

Ionic Strength Effect on the Rate of Reduction of 
Hexacyanoferrate(III) by Ascorbic Acid 

241 

A Fluorimetric Approach to Studying the Effects of Ionic Strength 
on Reaction Rates 

242 

Effect of Dielectric Constant and Ionic Strength on the Fading of 
N,N-Dimethylaminophenolphthalein in Alkaline Medium 

243 

Kinetics of Reduction of Toluidine Blue with Sulfite - Kinetic Salt 
Effect in Elucidation of Mechanism 

244 

Micellar Effects on the Spontaneous Hydrolysis of Phenyl 
Chloroformate 

245 

Micelles in the Physical Chemistry Laboratory. Kinetics of 
Hydrolysis of 5,5'-Dithiobis-(2-nitrobenzoate) 

246 

Kinetic Solvent Isotope Effect: A Simple Multipurpose Physical 
Chemistry Experiment 

247 
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Table XXI. Photochemistry Experiments 

Title Ref# 
Photochemistry of Benzophenone in 2-Propanol 248 
Photochemistry of Chloropicrin 249 
Heterogeneous Photochemistry 250 
Chemical Actinometry: Using o-Nitrobenzaldehyde to Measure 
Light Intensity in Photochemical Experiments 

251 

An Experiment on Photochromism and Kinetics for the 
Undergraduate Laboratory 

252 

A n Easy and Inexpensive Flash Spectroscopy Experiment 253 

Table XXII. Experiments on Catalysis, Oscillating Reactions and 
Miscellaneous Topics in Kinetics 

Title Ref.# 
Catalytic Oxidation of Sulfur Dioxide by Activated Carbon 254 
A Kinetics Experiment to Demonstrate the Role of a Catalyst in a 
Chemical Reaction 

255 

Spectroscopic Monitoring of the Heterogeneous Catalytic 
Decomposition of Gaseous Ammonia 

256 

Chemical Oscillations and Waves in the Physical Chemistry Lab 257 
Nonlinear Dynamics of the BZ Reaction: A Simple Experiment that 
Illustrates Limit Cycles, Chaos, Bifurcations and Noise 

258 

The B Z Reaction: Experimental and Model Studies in the Physical 
Chemistry Laboratory 

259 

A Stopped-Flow Kinetics Experiment for Advanced Undergraduate 
Laboratories: Formation of Iron(III) Thiocyanate 

260 

A Simple Electrochemical Approach to Heterogeneous Reaction 
Kinetics 

261 

A Student Experiment in Non-Isothermal Chemical Kinetics 262 

Conclusions 

The development of physical chemistry experiments is an active and vibrant 
endeavor. Since Schwenz and Moore came out in 1993, over 250 new 
experiments have been developed. These experiments involved a wide range of 
modern instrumentation and modern topics. They included innovative 
pedagogical approaches. They included a wide range of traditional topics as 
well. Together they reflect the importance of a wide range of experiments and 
approaches in a healthy physical chemistry curriculum. 
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However, there were some notable lacunae that need to be addressed. Little 
work has been done in chemical education research on the physical chemistry 
laboratory, although what has been done is both valuable and excellent. In 
addition, little attention has been paid to the issue of the structure of the physical 
chemistry laboratory as a whole (or at least little has been published). More 
needs to be done in this area. Very few of the experiments included a clear 
pedagogical objective, and those that did, failed to do any assessment of those 
objectives. It is hoped that a continuously increasing percentage of new 
experiments will include these elements. 

In the development of modern experiments, there were a large number of 
experiments developed using lasers and the N M R . More development would be 
welcome in experiments using MS, A F M , and STM. In addition, more 
experiments devoted to characteristics of modern materials, to environmental 
chemistry, and especially to the physical chemistry of biological and biologically 
relevant systems are needed. 

In short, the state of the physical chemistry laboratory mirrors that of 
chemistry itself. It is vibrant and exciting, with many solid achievements in 
hand, but with wide frontiers for development and exploration. The next 13 
years are ones to look forward to. 
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Chapter 9 

Existence of a Problem-Solving Mindset 
among Students Taking Quantum Mechanics 

and Its Implications 

David E. Gardner and George M. Bodner 

Department of Chemistry, Purdue University, West Lafayette, IN 47907 

This chapter summarizes the results of a qualitative research 
study of undergraduate chemistry and physics students 
enrolled in introductory quantum mechanics courses. We 
found that many of the problems the students encountered 
when learning quantum mechanics were not the result of a 
misunderstanding of the concepts being taught but the result of 
their employing non-productive strategies while studying and 
doing the homework. The goal of this chapter is to describe 
the problem-solving mindset the students brought to the 
learning of quantum mechanics as a basis for thinking about 
changes in the way quantum mechanics, in specific, and 
physical chemistry, in general, are taught. 
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Introduction 

Several years ago, The American Journal of Physics published an issue 
devoted to the teaching and learning of quantum mechanics with the expressly 
stated hope that the articles "wil l help people enhance their teaching" (7). In 
describing the articles contained in this issue, the editors stated: 

Some of the articles address the difficulties students have 
learning particular aspects of quantum mechanics. Others 
describe different interpretations, formulations, and 
representations in quantum mechanics. Still others discuss 
novel applications or some of the more subtle conceptual 
issues in quantum mechanics. A few of the articles address the 
integration of workable and affordable quantum mechanics 
experiments into the undergraduate curriculum. 

While the authors of these papers were typically motivated to improve quantum 
mechanics by clarifying some particular aspect or by making the subject more 
palatable, their recommendations were seldom supported by any research on the 
teaching and learning of quantum mechanics. The trend toward research on the 
educational aspects of advanced topics such as quantum mechanics is a recent 
one (2-6). 

Johnston and coworkers (5) found that students enrolled in quantum 
mechanics classes did not have coherent or internally consistent conceptual 
frameworks; moreover, the understanding they did possess seemed to be 
fragmented and isolated. They found little evidence that the students had a 
"deep" understanding, suggesting instead that students' understanding was 
superficial. The authors found this particularly troubling because the students 
used in the study were "good" in every criteria commonly used in a university. 
They noted that common methods of instruction and assessment emphasize the 
importance of "facts" rather than the mental structure in which those facts are 
embedded. Thus, traditional instruction is "encouraging exactly the kind of 
fragmented conceptual development being observed" (p. 442). They also noted 
that their data showed no evidence that students' mental frameworks improve 
over time. They informally presented the same survey to both second-year 
students and graduate students and found few differences in students' mental 
models of these phenomena. 

Context of this Study 

This chapter describes the problem-solving mindset that many chemistry 
students bring to quantum mechanics classes that was discovered during a study 
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of the lived experiences of students struggling to learn quantum mechanics. The 
purpose of this chapter is two-fold. First, by describing this problem-solving 
mindset, we wish to create a lens through which we, as educators, may critically 
examine our students. Although many of the features of the problem-solving 
mindset are not new and have been discussed in other contexts (7-9), it is hoped 
that this conceptualization will lead to new insights. Second, accepting that 
students have a problem-solving mindset leads to a variety of implications for 
possible changes in the way quantum mechanics, in specific, and physical 
chemistry, in general, are taught. 

Our understanding of the problem-solving mindset evolved out of 
qualitative research that examined students' difficulties in learning quantum 
mechanics. Initially, we were primarily interested in identifying the conceptual 
challenges students had to overcome in learning quantum mechanics, while also 
examining the experiences they encountered while engaged in these challenges. 
To accomplish this, we examined the actions and behaviors of students while 
they were in class, while they were working on homework, and while they were 
studying. We also examined the students' attitudes toward these activities and 
their ideas about what they thought they should be doing. Early indications from 
the data, however, suggested that many of the problems the students 
encountered when learning quantum mechanics were less the result of a 
misunderstanding of the concepts being taught and more the result of 
employing non-productive strategies while studying and doing the homework. 
Thus, an additional focus was developed that examined the approaches students 
used to learn quantum mechanics. It was this final focus that led to the discovery 
of the problem-solving mindset. 

Definitions of Terms 

For some time, we have been trying to differentiate between two terms that 
are often used more or less synonymously by chemists: exercise and problem. 
Fifteen years ago, we differentiated between these terms as follows: 

We all routinely encounter questions or tasks for which we 
don't know the answer, but we feel confident that we know 
how to obtain the answer. When this happens, when we know 
the sequence of steps needed to cross the gap between where 
we are and where we want to be, we are faced with an exercise 
not a problem. (7, p.21) 

We noted that ".. . there is no innate characteristic of a task that inevitably 
makes it a problem. Status as a problem is a subtle interaction between the task 
and the individual struggling to find an appropriate answer or solution." We 
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went on to argue that it is the existence of a well-defined algorithm, constructed 
from prior experience, which turns a question into an exercise. 

Over the years, we have tried to emphasize the difference between exercises 
and problems by referring to the first as a routine exercise and the second as a 
novel problem (10). To illustrate this difference, we have frequently quoted a 
definition of problem solving introduced by Wheatley more than 20 years ago: 
"Problem solving is what you do when you don't know what to do" (77). 

In the course of this chapter, we will routinely use the terms problem 
solving and problem-solving mindset. We do this deliberately because we 
believe that the tasks students are working on in quantum mechanics are, in fact, 
problems for them at the time that they first encounter them. 

Background 

The participants in this study were chemistry, chemical engineering, or 
physics students in various upper-level classes at Purdue University in which 
quantum mechanics represents a sizeable portion of the material covered, i f not 
the focus of the entire course. We had prior approval from the instructors to 
observe their classes and to interact with their students, and from the 
institution's IRB to do the study. A l l of the students who participated in the 
study were volunteers. Students were informed that participation in the study 
was not a criterion their instructors would use when assigning their grades. The 
students who participated in this study represented a good cross-section of the 
population enrolled in these classes, from students who did very well to those 
who struggled to pass. 

As noted earlier, we wanted to understand the students' overall general 
experience of quantum mechanics, as well as the difficulties they encountered 
learning the material. There can be a wide variety of reasons, for example, why 
a student might say: "I'm lost." Our goal was to interpret what that student 
meant, be it a simple confusion about the notation used in class or a fundamental 
misunderstanding of some important physical concept. Accurately interpreting 
the words and actions of the students required close and familiar knowledge of 
the students within the context of physical chemistry and quantum mechanics. 
Thus, the research was based on interacting with students in order to see what 
they did and how they did it; as well as listening to what they said, what they did 
not say, and how they expressed themselves with regard to quantum mechanics. 

Methods of Data Collection 

The first source of data for this study was a set of field notes based on 
classroom observations, a logical first step in a study of students' experiences in 
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learning physical chemistry. For each of the courses from which data were 
collected, the first author attended the lectures for the portion of the class that 
covered quantum mechanics. Any thoughts, comments, ideas, or questions were 
written into a notebook in the form of field notes. Classroom observations 
focused on: (1) watching and listening to what the professor was presenting and 
how it was presented; (2) non-verbal student responses to instruction (sleeping, 
attentiveness, and so on); and (3) verbal student responses such as questions and 
comments. Of these, questions and comments were the most valuable because 
they provided a window into what the students were thinking. 

A second source of data was 3 x 5 cards that were distributed to the students 
at the beginning of each class. We asked the students to write down any 
questions or comments regarding the day's lecture and to hand the cards to the 
researcher, not the instructor. The students were told that their names were not 
required and that their comments would be passed along anonymously to the 
instructor. In all, over 300 cards were collected. We estimated that between one-
third and one-half of the students handed in one or more cards. Of these 
students, there were ten to fifteen who were very prolific, and wrote the majority 
of the cards. 

When combined with questions asked aloud during lecture, the 3 x 5 cards 
provided clues as to both what and how students were thinking about quantum 
mechanics. The cards also allowed the students to express their feelings and 
impressions of class while the class was happening, when these thoughts and 
feelings were still fresh in their mind. This provided direct insight into their 
experiences of a class in quantum mechanics. The cards also provided a 
mechanism for validating classroom observations that focused on the difficulties 
students seemed to be experiencing during lecture. 

The third and most important source of data was tutoring sessions. At the 
beginning of the semester, we offered free tutoring for the students in exchange 
for participating in the study. Students usually came for help on a homework 
assignment or while preparing for an exam. Sessions were usually small, one or 
two people, although on several occasions we hosted groups of six to ten 
students. In all, thirty-seven different students came in for help. Twenty-two of 
these sessions were audiotaped and were later transcribed for analysis. 

These tutor-sessions/interviews were very loosely organized, with the 
direction of the discussion being guided by the students' questions. This is 
different from traditional research interviews, where the researcher is the one 
asking the questions. However, when appropriate, the researcher did ask the 
students questions related to various aspects of the class and their understanding 
of the material. Marton (12) points out that the interviews in some of his 
phenomonograpical research were almost like pedagogical situations. The tutor 
sessions in this study crossed that line because they were, in fact, pedagogical 
situations. 
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The final data source was a set of traditional interviews conducted at the 
end of the semester. Twelve students participated in these interviews, four from 
class B (described below) and eight from class C2. The interviews were loosely 
based on an interview guide and ran between 30 and 45 minutes in length. The 
purpose of the interviews was to inquire more deeply and directly into the 
experiences the students had during the semester. 

Data were collected from students enrolled in three different courses. Class 
A was a one-semester introductory quantum mechanics course intended for 
junior physics majors that typically enrolled about 10 students. Class B was the 
second-half of a two-semester physical chemistry course for chemistry majors 
that typically enrolls 30-40 students. The first semester of this course focuses 
primarily on thermodynamics; the second-half spends the first two-thirds of the 
semester on quantum mechanics and then concludes with a discussion of 
statistical mechanics. Class C is offered every semester for junior-year chemical 
engineering majors, and was observed three times: C I , C2, and C3. CI and C3 
were offered during the fall semester, when the mainline population of chemical 
engineering majors take the course and had enrollments of approximately 70 
students. C2 was offered in the spring semester and is frequently taken by 
students who have done a "co-op" or internship in industry, which requires them 
to be off-campus for a semester at a time. C2 had an enrollment of around 30 
students. The material in Class C is quite similar to the material offered in Class 
B. The first three-quarters of this class covers quantum mechanics, the 
remaining time is spent on statistical mechanics. 

Frameworks for the Study 

The theoretical framework for this study was the constructivist theory of 
knowledge, which holds that knowledge is created in the mind of the learner 
(13,14). The methodological framework was hermeneutical phenomenography. 

Hermeneutics is a field of study concerned with the interpretation of texts, 
either written or spoken (75). Within the context of educational research it has 
been defined as the process of providing a voice to individuals or groups of 
individuals who either cannot speak for themselves or are traditionally ignored 
(16). Patton (17) states that "to make sense and interpret a text, it is important to 
know what the author wanted to communicate, to understand intended 
meanings, and to place documents in a historical and cultural context." 

Phenomenography is the study of lived experiences (18). According to 
Marton (79), the goal of phenomenography is a "description, analysis, and 
understanding of experiences." To achieve this goal, a researcher catalogues and 
describes the various conceptions and perceptions of a phenomenon, as well as 
looks for the underlying meanings and connections between those conceptions. 
Through this process, the research turns something that is "unthematized" into 
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an object of focal awareness (12). As awareness is increased, the object or idea 
is brought from the subconscious to the conscious, where it can be overtly talked 
about and discussed because, by definition, as long as the experiences remain 
implicit, they cannot be discussed. The effect of this process is to empower the 
subjects involved in the study by "giving them voice" or "providing language" 
for them to think about and discuss their experiences in ways that they were 
previously unable to do. 

Data Analysis 

The initial step in data analysis was transcription of the raw data present in 
the audiotapes into more easily handled text. During the early phase of data 
analysis, which was concurrent with much of the data collection, we tried to 
discern trends or patterns in the data. In addition, we reflected on the data and 
tried to develop theories or explanations to account for our observations. This 
process became more formalized in the later stages of data analysis, which 
occurred after the majority of the data had been collected. For the later phases, 
we coded the data following the guidelines set forth by Huberman and Miles 
(20) using the Atlas.ti (21) software package to help with data management. The 
encoded data allowed the trends and patterns in the data to emerge in a more 
refined manner than through our preliminary analysis. 

The Problem-Solving Mindset 

The approach that the majority of the students in this study took to learning 
quantum mechanics was based on a single, common, unstated assumption: their 
goal was to solve problems. This assumption was so pervasive it can be best 
termed a "problem-solving mindset." Students with this mindset organize their 
behavior and thinking around the idea that the main objective in this class, as in 
so many other courses they have taken, was to solve problems. Moreover, 
students with this mindset perceive that the rationale for taking the course was to 
learn additional ways of solving new and more comprehensive types of 
problems. The problem-solving mindset had an effect on two major aspects of 
the students' experiences in class: the expectations they had of what the class 
should be like and the behaviors the students used to get through class. 

Expectations 

The students in this study were primarily juniors and seniors and had 
considerable experience in science and math courses prior to studying quantum 
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mechanics. For the most part, they expected that the class would focus on 
problem solving. These expectations form the core of the problem-solving 
mindset. It is reasonable to assume that the expectations they brought with them 
were based on their prior experiences in science classes. Although these 
expectations were manifested in a variety of ways, the three most common 
expectations were: 

• The students expected to see numerical examples. 
• The students expected answers to be precise and correct. 
• The students expected the material to be useful. 

A dominant theme in the data was the expectation that the students would 
be provided with numerical examples. A sample of student responses that 
address this issue, which were all collected within two days of each other during 
the first month of the semester, are given below. 

"Can we get a numeric example done in class to calculate E(T,V)?" 
[Card response, class C2] 

"Why are we learning stat. thermo? What are we going to use it for? A 
numeric example would be good." [Card response, class C 2 ] 

"Schrddinger Equation: I have to see a numerical example." [Card 
response, class B] 

"Could you give an actual example of a VF?" [Card response, class B] 

The underlying assumption in several of these cards was that a numerical 
example would overcome all of the troubles the student was having. The critical 
feature in comments that reflected the first of the students' expectations was that 
examples were only valid if they were numerical. When instructors presented 
non-numerical examples, the students generally viewed the information as more 
"theory." Consider Craig's reaction to the question of whether discussion of an 
example based on the particle in a box was what he wanted to see. 

I: ... people kept saying "Oh, I want to see examples. We want to [see] 
examples." And finally he showed you an example of the particle-
in-a-box. And ... did you like that example of a particle in a box? 
Doesn't that make you happy as an example? 

Craig: I don't really think that's an example. When am I ever really 
going to deal with a particle in a box? 
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I: Well, w e l l . . . okay. One of . . . 

Craig: I understand that's an example, but that wasn't the example I 
was ... needing to see. 

Craig made several interesting points in this quote from an interview at the 
end of the semester. The first was that the particle-in-a-box was not a good 
example because it wasn't useful; as Craig pointed out, it is unlikely that he 
would ever deal with the particular case of a one-dimensional particle in a 
square well. Second, and even more intriguing, Craig commented that although 
he understood that the particle-in-a-box was an example, it was not the one he 
needed to see. 

Although it is not explicitly stated in the above quote, it was clear from 
Craig's interview that what he wanted were numerical examples. Other students 
made their preferences known in their responses during tutoring sessions. In a 
discussion of the differences between general chemistry and physical chemistry 
courses, the interviewer talked about problem-solving questions that involved 
calculating the density of a sample from measurements of the mass and volume 
of the sample. He then noted: 

I: ... and often times, at first you guys ask — say, "we want examples." 
Have any of you ever thought this during class? 

Gunther: Yes! [There is also general agreement of the group] 

I: The examples that you want, do you want numbers in your 
examples? Or do you want like the examples that he shows you? 

Group: Numbers! 

Gunther: Much prefer numbers, [laughing] 

One aspect of this conversation that cannot be captured in a transcript was 
the enthusiasm and excitement the students had during this exchange. The 
interviewer's question seemed to strike a chord with this group of students 
because it tapped into some of the frustration that they experienced in the class 
that revolved around the difference between what they had come to expect in a 
chemistry course and what was happening in their quantum mechanics course. 

The second expectation that students with a problem-solving mindset had 
related to the answers to questions they were asked on homework and exams. 
These students expected that the answers they obtained as the result of their 
calculations were the "true" and "correct" values. In other words, the equation 
used during a problem was expected to give a value that exactly corresponded to 
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the real world. The students did not acknowledge that an equation that was 
correctly applied and solved might not give the correct real world value. 
Elsewhere we have argued that this is a consequence of the approach to 
instruction that characterizes so many science and mathematics classrooms (22). 
Discussions we have had with many physical chemistry instructors suggest that 
they often begin their discussion of thermodynamics by talking about equations 
of state, such as the ideal gas law. They then introduce the van der Waals 
equation as an alternative equation of state and often compare the predictions of 
these two equations for a sample of a real gas at a given temperature confined in 
different containers of ever-decreasing volume. Not one of them, so far, has 
admitted taking the next logical step — comparing the results of both 
calculations with experimental data. 

This expectation that the results of a calculation that has been done 
"correctly" will themselves be "correct" also extends to the method by which the 
problem was solved. Unfortunately, because few equations in quantum 
mechanics can be solved exactly, scientists are forced to use numerical 
computational methods to calculate values. Strictly speaking, even though it is 
possible to calculate these values to arbitrary levels of precision, such solutions 
are only approximations of the "exact" value. Because of the difficulty involved 
in most of the calculations, a number of students expressed frustration with the 
notion that all of their hard work had only yielded them an approximate answer. 

The third expectation exhibited by students with a problem-solving mindset 
is the desire to learn useful material. While such a desire is not unusual, what 
was surprising was how the students defined the term "useful." For many of the 
students in this study, usefulness was equated with the ability to solve problems, 
as shown in the following quotes: 

"What can we use these equations for? (i.e. what physical use 
is it)" [Card response, class B] 

"I have no idea why it was important that we learn how to 
derive the wave equation. Why didn't we just learn what it is 
and what it's used for." [Card response, class C3] 

"Major thought in my head all lecture: 'So What? What does 
all this math do for me? What do people use this stuff for?"1 

[Card response, class C3] 

"I just think that there should be more chemistry applied and 
not so much derivation information. Tell us more how it 
applies to chemistry." [Card response, class C3] 

"My question deals with the overall picture, I do not 
understand what this is leading to. ... what is physical 
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chemistry used for? I have had physics and thermodynamics, 
and by the lectures I have learned about the Boltzmann 
distribution, but I guess I just don't understand why I care to 
use these things? Can you explain where these applications are 
useful? Theory is great, but I like to apply. Thanks! [continued 
on the back of card] I just wanted to say, I know p-chem has 
applications, just the applications for what we are learning." 
[Card response, class C2] 

There were two distinct, although related aspects, to this focus on solving 
problems that revolved around the terms what and how. The first concerned the 
applications of the material, i.e. given these concepts and tools, what problems 
can I solve? The second concerned how that material was used, i.e. given these 
concepts and tools, how are these problems solved? The students needed to 
understand both the "what" and the "how" before they were willing to accept 
that learning the material presented in class was useful. 

Behaviors 

Because the problem-solving mindset shaped what students expected the 
class would be like, it also influenced their decisions on what they needed to do 
to be successful in class. As noted above, students with a problem-solving 
mindset believed that the purpose of class was to solve problems. For these 
students, their job was to find the answers to the problems the instructor 
presented. Moreover, they expected that by looking through the textbook or their 
class notes they would either find the answer or a solved example problem 
exactly like the one being asked. 

In order to do what they thought would make them successful in the course, 
students with a problem-solving mindset adopted a number of strategies that 
they felt made obtaining the answer easier. These strategies were superficial 
because the students concentrated on shallow, surface-level features of the tasks 
they encountered, not on any deep conceptual understanding. Some of the 
strategies students used were: 

• Scanning the book for equations with visual, surface-level similarity. 
• Mimicking the solutions found in the textbook or notes. 
• Working backwards from the answers in the back of the book. 

In spite of adopting these superficial strategies, the students were able to 
perform well in the course even though they might have possessed little or no 
conceptual understanding of the material. 
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A good example of the use of superficial strategies can be found in the 
following extract from a tutoring session. 

I: Okay. Do you know what they are doing here? Rather than just 
following exactly what they do in the book. 

Amanda: uh-uh [negative]. 

I: Not a clue? 

Charlie: Nope, not a clue. 

Bob: Concept-wise, I don't understand anything that we are doing. I 
am just using my math skills ... to do what they tell me to do. They 
say, show that this equals this. So, I am using the skills I know 
from math and calculus and I'm trying to... [several lines of text 
omitted] ... yeah, but I don't know what the heck it means. I don't 
know what the heck the values in there are telling me or anything. 

I: Okay. 

Charlie: Because, the end of the book ... the answers don't shine the 
light on anything. 

Amanda: And, plus, it's not necessary. I mean, he does not make it 
necessary for us to understand. 

Charlie: Yeah. 

These students admitted that they did not understand what they were doing; 
they were only mimicking the solution to a similar problem in the book. Charlie 
indicated that they had also attempted checking with the answers at the back of 
the book with little success. As Bob commented, because he did not understand 
the concepts, his strategy was to get by using his math skills, which were 
reasonably good. 

It was clear from both their tone and the rest of the conversation that these 
students expended a considerable amount of effort in trying to understand the 
material, and that they had little success with anything that they tried. On the 
audiotape, the frustration in their voices is clear. The most shocking comment is 
Amanda's when she stated that it was not necessary to understand the material. 
She realized that they would be able to get through the course based only on 
their ability to solve problems, and, in essence, fake their way through the class 
because the methods of assessment did not actually measure their conceptual 
understanding. Although superficial strategies are often very useful, over-
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reliance on them can be problematic because students who are adept at using 
these strategies may mask shortcomings in conceptual understanding, even to 
the point where they may do quite well in class based solely on their problem-
solving skills. 

In many ways, what we saw was a demonstration of Herron's (14) principle 
of least cognitive effort. In general, students will do the least amount of work 
they can get away with and still get the grade that they want. Amanda and her 
friends tried to understand and were unsuccessful. Once they realized that it did 
not matter, and started to adopt the attitude of looking for the path of least 
resistance, they tended to adopt these superficial strategies with even more 
vigor. 

Skemp (23) differentiated between relational and instrumental learning. 
Students who do not focus on the conceptual aspect of the task before them are 
instrumental learners; they focus on the necessary rules and formulas needed to 
produce correct answers during assessment. Instrumental learning, such as 
mimicking a solution in the book, is a very different activity than studying that 
solution with the intent of being able to better understand the problem, which 
Skemp describes as relational learning, i.e., learning with the intent to develop 
conceptual understanding. 

The effect of the problem-solving mindset was clear: students made few 
connections with the conceptual aspects of the material. The evidence for this 
was found in how these students studied for their exams. They tended to 
perceive that there were many equations they had to learn, and, as the following 
extracts from tutoring sessions illustrates, they adopted the technique of brute 
force memorization. 

Mary: And I don't understand how we can apply any of this, really. 
What am I supposed to do with this stuff? On an exam is there 
going to be like, derive this equation from something else? Or am 
I supposed to know how to use these five million equations that I 
don't know. 

Larry: I'm not sure what the purpose of this ... of what he has done 
so far, except to memorize a bunch of facts and then spit them out 
at exam time. ... So what's the point of memorizing a bunch of 
facts i f I 'm not ... i f they are wrong anyway? Sure, I can 
memorize some facts about something that I am never going to 
use. To broaden the knowledge, or expand the horizon so to speak, 
[laughs]. 

While this was not memorization in the sense of being able to correctly 
reproduce the equations from memory, it was memorization in the sense of rote 
or non-meaningful learning (24\ because the students did not really understand 
the physical significance to the equations. 
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Discussion 

The implications of a problem-solving mindset go beyond students' 
approach to learning quantum mechanics and their success, or lack thereof, in 
physical chemistry courses. This mindset is a reflection of the students' 
understanding of the nature of science. Through their expectations that answers 
to problems should be both precise and correct in the sense of matching 
experimental results, students operating with a problem-solving mindset 
demonstrate a belief in the absolute nature of scientific knowledge. These 
students often fail to recognize that what they are learning are models of 
physical phenomena and the term model is best used in the sense of the 
following definition from the Oxford English Dictionary: " A simplified or 
idealized description or conception of a particular system, situation, or process, 
often in mathematical terms, that is put forward as a basis for theoretical or 
empirical understanding, or for calculations, predictions, etc.; a conceptual or 
mental representation of something." Moreover, the models that are presented in 
the junior-level physical chemistry class are often the simplest ones because 
these are the models that are the easiest to understand and manipulate, not 
because they give the best results. 

The problem-solving mindset is not compatible with the actuality of 
science, which is that much scientific knowledge represents not the absolute, 
final truth, but our current best understanding. As a result, this mindset can 
impede conceptual learning. Consider, for example, the effect of asking a 
student to compare two competing theories or models. Because the focus of this 
comparison in the mind of the student is on obtaining the correct numerical 
answer, when two theories give quantitatively different answers to a problem, a 
student with a problem-solving mindset will conclude that one of the theories 
must be wrong. Even though there may be solid pedagogical reasons for 
studying both models, this student will likely expend little effort on learning the 
"bad" model because it gives "wrong" answers which are therefore considered 
useless and of little value. 

A second issue that may arise for students operating with a problem-solving 
mindset is a failure to recognize the creative nature of science. From a problem-
solving mindset, science is a linear march from an equation and a set of initial 
conditions toward a single, unambiguous final answer. Such a journey requires 
little creativity and discounts the reality that the practice of science, in general, 
involves the creation of models to explain and then predict phenomena. Indeed, 
the idea that modeling plays an important role in science is incongruous with a 
problem-solving mindset. 

Compare the process a scientist uses in building a mathematical, theoretical 
model to the process a student with a problem-solving mindset uses to solve a 
typical textbook problem. When creating a model, the scientist first identifies 
the relevant aspects of a phenomenon and then generates a mathematical 
description encapsulating those aspects. For the student, the process is reversed; 
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he or she typically starts with an equation and then connects the symbols it 
represents to the phenomenon. For the practicing scientist, the building of a 
model is a cyclical process through which the model is refined and becomes 
progressively better. From the perspective of the student, multiple cycles 
through the problem are to be avoided whenever possible. For the student, 
proficiency is demonstrated by being able to move directly through the problem 
without being sidetracked. For the scientist, evaluation of the model is based on 
the needs of the scientist creating the model. For the student with a problem-
solving mindset the authority for judging whether an answer is correct resides 
with an external authority, either the answers at the back of the book or the 
instructor. 

Our results raise several unanswered questions. First, and perhaps foremost, 
how widespread is the problem-solving mindset? Although the problem-solving 
mindset was identified based on analysis of comments made by the students 
involved in this study, it is not reasonable to assume that these students are 
unusual or unique. There is every reason to believe that these students are 
similar to their peers, upper-level chemistry, physics and chemical engineering 
students throughout the country. 

Is the problem-solving mindset found in less advanced students, i.e., those 
in general chemistry? Probably. There were no indications in our data that the 
problem-solving mindset had replaced any previous conception of science. Nor 
are there any reasons to believe that anything in the standard curriculum is likely 
to have produced any major changes in students' mindset prior to enrolling in 
the junior-level physical chemistry classes used in this study. Moreover, based 
on personal experiences in teaching general chemistry, there are abundant 
indications that the problem-solving mindset is present there too. 

Having identified the problem-solving mindset in our study, are our results 
consistent with prior work? We believe the answer is: Yes. In their summary of 
research in physics education, Redish and Steinberg (25) state that even 
excellent students in introductory physics use problem-solving techniques 
characterized as "dominated by superficial mathematical manipulations without 
deeper understanding" (p. 25). Moreover, Redish and Steinberg claim many 
introductory physics students treat physics as a collection of isolated facts, 
choosing to focus on memorizing and using formulas instead of learning the 
underlying concepts. Furthermore they cite the work of Hammer (26) who found 
students' approach to physics problems was counterproductive to helping them 
develop a strong conceptual understanding. 

Results similar to those discussed by Redish and Steinberg (25) have also 
been found in chemistry. Carter (27) found that general chemistry students' 
beliefs about the nature of chemistry affected their ability to solve problems and 
learn chemistry. She noted that instrumental learners view chemical knowledge 
as a series of rules and facts to be memorized. Moreover, such students made 
few, i f any, connections between these facts. They believed their job was to 
reproduce the pieces of knowledge presented to them and considered assigned 
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problems to be opportunities to regurgitate that knowledge, not opportunities to 
develop better conceptual understanding. 

What effect does a problem-solving mindset have on students? For the 
students in this study, most of the difficulties they had learning quantum 
mechanics resulted from the incongruity between the structure of quantum 
mechanics and the problem-solving mindset, and not from conceptual 
difficulties within the material of quantum mechanics. 

In order to anticipate the effect of a problem-solving mindset on classes 
other than physical chemistry, it is useful to consider the genesis of the mindset 
and ask the question: Why did so many of the students in this study have a 
problem-solving mindset? A possible explanation is conditioning. As mentioned 
above, the students in this study had years of experience in science and math 
classes before they came to physical chemistry and most of these classes, both at 
the university level and before, were organized around a central theme of 
solving problems and exercises. 

Consider the experiences that many instructors provide students in a typical 
general chemistry class. First, they are assigned many types of problems to 
solve. Moreover, their instructors often tell them that one of the best ways to 
learn the material and study for the exams is to work lots of problems. Next, as 
part of instruction, they are provided with the necessary set of rules and 
algorithms needed to solve those problems efficiently. When they are introduced 
to concepts, such as density or equilibrium constants, the lecturer tends to go 
over an example. With few exceptions, such examples consist of numerical 
values being plugged into the equation to yield a single numerical answer. These 
students are then assessed on their ability to solve such problems — perhaps 
because it so much easier to create and grade examinations for which the 
question have a single correct numerical answer — which further emphasizes 
the importance of problem solving. If their other educational experiences bear 
much resemblance to the experiences in a typical general chemistry class, we 
should not be surprised that they develop a problem-solving mindset. 

Skemp (23) provides a theoretical explanation for such behavior in his 
theory of learning and education. As noted previously, Skemp distinguishes 
between relational learning, which is focused on the understanding of concepts 
and the development of schema, and instrumental learning, which tends to focus 
on learning the necessary rules for finding the right answers needed to make the 
grade. Memorizing a rule is quicker than investing the effort needed to develop 
the schema required for conceptual understanding. As Skemp points out, the 
paradox is that although more effort is required to learn a schema, there is less to 
remember once the schema is learned because, once learned, "an indefinitely 
large number of particular plans can be derived" (p. 260). 

For classes other than physical chemistry, it is quite likely that the problem-
solving mindset would have little adverse effect on students' performance in 
terms of the grades they earn in the course. Therein lies the problem. If our 
proposed explanation of the origins of this mindset is correct, then the problem-
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solving mindset is what makes students seem to be successful in many classes. 
Thus, the mindset which develops because the students want to achieve good 
grades may actually hinder conceptual understanding and, in addition, reinforce 
misconceptions about the nature of science. 

The final and most important question is: What effect does the problem-
solving mindset have on instruction? The goal of this chapter is not to condemn 
problem-solving activities. Problem solving is a valuable pedagogical tool and 
having our students develop good problem-solving skills is a laudable 
educational outcome. It is our belief that the issue is not problem solving itself, 
but on the over-reliance on problem solving in instruction and assessment that 
leads our students into adopting a problem-solving mindset- In order to 
challenge the problem-solving mindset, the logical conclusion is that we need to 
provide students other ways of experiencing science instruction and, more 
importantly, assessment of their learning. 

One possible method for diversifying science instruction is building and 
manipulating models because these are activities in which scientists are actually 
engaged. From a nature of science viewpoint, modeling provides a much more 
realistic picture of what science is than a typical problem-solving activity. 
Moreover, modeling is a much more robust activity because it is a creative 
process. To successfully build a model from a set of data requires that students 
understand the meaning and limitations of the data, generate an appropriate 
symbolic representation, and evaluate how well it works. Such an activity is 
almost certainly more intellectually demanding and rewarding for our students 
than having them work long series of plug-and-chug type problems. 

Summary 

This chapter describes the existence of a problem-solving mindset among 
many of the students enrolled in physical chemistry. Although we only studied a 
relatively small group of students, there are solid reasons to believe that this 
mindset is quite common and widespread. In the context of quantum mechanics, 
the existence of a problem-solving mindset has proven to be a useful tool for 
understanding the behaviors and difficulties that students experienced in 
physical chemistry classes. However, we feel that the potential impact of 
recognizing the existence of a problem-solving mindset is not limited to just 
physical chemistry, but will be applicable to a wide array of science classes. 
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Chapter 10 

Physical Chemistry Curriculum: Into the Future 
with Digital Technology 
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Traditional physical chemistry courses consist of two or three 
45-hour semesters using traditional 1000+ page text books 
containing hundreds of exercises and problems. Typically 
physical chemistry courses include the study of key topics and 
a plethora of concepts, exploration of mathematical models of 
physical systems, and the use of increasingly sophisticated 
mathematical manipulations, all accompanied by an emphasis 
on scientific writing. Given the breadth of the discipline and its 
wide range of applications across other scientific disciplines 
we must ask two key questions. First, what of all available 
topics should an instructor include in a typical course? Second, 
what components of physical chemistry courses have the 
potential to lead to enhanced student learning and future 
professional growth? This paper will highlight some 
suggestions regarding the conundrum of too much too fast for 
the young physical chemistry student. Included will be 
examples showing project-based laboratory and lecture 
activities and the use of symbolic mathematics software as 
mechanisms for including more modern topics or more modern 
approaches to standard topics. 
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If physical chemistry is what physical chemists do, then glimpses into the 
contents of the Journal of Physical Chemistry A/B can provide some insights 
regarding what the curriculum might include. The A Journal papers are 
separated into five classes: 1) Dynamics and Relaxation; 2) Spectroscopy; 
Gaseous Clusters and Molecular Beams; 3) Kinetics, Atmospheric, and 
Environmental Physical Chemistry; 4) Molecular Structure, Bonding, Quantum 
Chemistry and General Theory; 5) and General Physical Chemistry. Part B has: 
1) Surfaces and Interfaces; 2) Biophysical Chemistry; and 3) General Papers. 

A review of the Journal of Physical Chemistry A, volume 110, issues 6 and 
7, reveals that computational chemistry plays a major or supporting role in the 
majority of papers. Computational tools include use of large Gaussian basis sets 
and density functional theory, molecular mechanics, and molecular dynamics. 
There were quantum chemistry studies of complex reaction schemes to create 
detailed reaction potential energy surfaces/maps, molecular mechanics and 
molecular dynamics studies of larger chemical systems, and conformational 
analysis studies. Spectroscopic methods included photoelectron spectroscopy, 
microwave spectroscopy; circular dichroism, IR, UV-vis, EPR, ENDOR, and 
ENDOR induced EPR. The kinetics papers focused on elucidation of complex 
mechanisms and potential energy reaction coordinate surfaces. 

Two papers reported powder pattern crystallographic results. The paper by 
Santos et al. (7) stood out from the rest because it presented a collection of more 
classical physical chemistry experiments. In this paper the authors described the 
use of micro-combustion calorimetry, Knudsen effusion to determine enthalpy of 
sublimation, differential scanning calorimetry, X-ray diffraction, and computed 
entropies. While this paper may provide some justification for including bomb 
calorimetry and Knudsen cell experiments in student laboratories, the use of 
differential scanning calorimetry and x-ray diffraction also are alternatives that 
would make for a crowded curriculum. Thus, how can we choose content for the 
first physical chemistry course that shows the currency of the discipline while 
maintaining the goal to teach the fundamentals and standard techniques as well? 

Why a Physical Chemistry Course 

While training new physical chemists is a noble ambition, most recognize 
that the majority of our students will not be physical chemists. This means that 
we are primarily training all chemistry majors in core physical chemistry 
concepts and skills. Physical chemistry also provides many fundamental 
concepts used by the other chemistry subdisciplines such as biochemistry, 
nanotechnology, analytical chemistry, spectroscopy, organic chemistry, 
inorganic chemistry, etc. Other course goals may include ensuring that our 
students pass the A C S Physical Chemistry exam or the graduate school physical 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



179 

chemistry qualifying examinations. Since these tests primarily cover the core 
curriculum, sticking to the standard core is a safe way to proceed. However, 
some instructors may want to provide a course where students become 
mathematically proficient at doing derivations and error analysis, while other 
instructors may think that students should do what the instructors did as 
undergraduates. These and other reasons lead us to want to consider what the 
real purpose of the physical chemistry course should be without disregarding 
curriculum standards or general academic standards. How can we move the 
curriculum forward to embrace more of the current literature in lecture and 
laboratory without sacrificing core physical chemistry concepts or losing our 
students along the way? 

Direction Suggestion 

At the A C S meeting in San Diego, Dick Zare (2) summarized the key 
elements to consider when changing physical chemistry course content. He first 
indicated that the course should start with quantum concepts from which one can 
determine structure and change using radiation-matter interactions. This would 
be followed by an integration of macroscopic observations and molecular 
interpretations. Since statistical thermodynamics follows comfortably after 
quantum mechanics, one thus has the foundation upon which to build classical 
thermodynamic concepts. The third component would be a treatment of chemical 
kinetics and reaction dynamics. Even an introductory course should stress 
advances in computation and the application of physical chemistry to the study 
of chemical processes in living things. These recommendations are broad in 
scope but couched in a conservative stance in that Zare recommends caution 
when introducing recent developments because these may hinder the learning of 
fundamentals that are of timeless value. Unfortunately this excellent broad 
outline is devoid of details and those of us who did not attend his lecture are left 
to imagine how to implement the key components of Zare's outline. Zare has not 
been the first to promote teaching quantum mechanics first. Some current texts 
put quantum first or come as collections with the quantum chemistry, 
thermodynamics, and kinetics in separate volumes that permit the instructor to 
choose what to put first in their courses (5-5). Implementing the Zare 
recommendations is not an easy task for any individual instructor. However, 
combinations of contributions by many authors can generate collections of 
materials that can meet the needs of physical chemistry teachers. Descriptions of 
specific examples showing the use of multi-concept context rich modules, 
symbolic mathematics, and computational chemistry appear in following sections 
of this paper. 
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Context Rich Instruction Modules 

According to Zare, quantum chemistry should come early in the training of 
chemistry students. Placing quantum chemistry before thermodynamics is done 
by some and should be considered by all teaching faculty. During a quantum 
chemistry semester, one goal can be to include an introduction to modern 
computational chemistry using current chemistry topics and state of the art 
computational tools. Laboratory and lecture projects are an excellent way for 
accomplishing this goal. A collection of 14 projects has been developed by the 
Physical Chemistry Online consortium (6). This collection was initiated to 
respond to the need for applied physical chemistry instructional materials that 
has been recognized and addressed in various formats (7-10) since 1992. Four of 
these projects are described below. 

C l 2 0 4 in the Stratosphere 

The module "C1 2 0 4 in the Stratosphere" (//) uses ab initio computational 
chemistry with large basis sets and symmetry point group assignments to study 
the structure and properties of C1 2 0 4 isomers. In particular, it may be possible to 
predict whether C1 2 0 4 is involved in catalytic cycles that significantly deplete 
ozone in the stratosphere through the following reaction: 

C1 2 0 4 + 2 0 3 -» C1 2 0 6 + 2 0 2 . 

This module is an excellent example of using modern computational chemistry, 
classical point group assignments, isomer stability comparisons, and classical 
thermodynamics concepts. Energies of all species, determined with the best 
available ab initio Gaussian basis set, are used to compute the enthalpy of 
reaction for the photolysis of C1 2 0 4 . The entire project is within the grasp of 
undergraduate students who have access to one of the basic computational 
chemistry software packages (Gaussian (72), Spartan (75), or Hyperchem (74)). 
The web site for this module contains instructor notes, hints for implementation 
of the project with students, a summary of computed results, and an overview of 
computational chemistry methods (15,16). More importantly this project can be 
extended or truncated by a creative colleague to fit the needs of a local 
curriculum. Through this activity an instructor can introduce the use of Gaussian 
basis sets, self-consistent field theory, molecular modeling, and thermodynamics 
in an integrated problem-based application. Students get a complete picture 
rather than a collection of unconnected concepts and processes. 
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Carbon Clusters 

The study of carbon clusters (17) is another example of introducing 
computational chemistry and spectroscopy into the undergraduate physical 
chemistry curriculum. In this project students are told about a discovery made by 
a group of astronomers and chemists at the Kitt Peak National Observatory (18). 
Using a 4-meter telescope and Fourier transform infrared spectrometry, these 
scientists observed the absorption spectrum of the carbon star IRC+10216. They 
found a series of infrared absorption lines in the region of 2164 cm' 1. From the 
lines observed one can infer that two lines are missing between 2164.733 and 
2165.870. Because this is a carbon-rich star there is the possibility that these 
lines are due to an infrared absorption transition in a small carbon cluster 
molecule - probably C 3 , C 4 , or C 5 . The project proposes to use computational 
chemistry to help identify the molecule that is being observed, and then to infer 
some of its molecular properties from the spectra and computational results. This 
project is a nice accompaniment to the traditional HC1 FT-IR experiment or even 
a substitute for it in the hands of a creative teaching scientist. 

The carbon cluster project includes developing an array of physical 
chemistry concepts and computational chemistry techniques. After deciding on 
the range of isomers to consider, students use semi-empirical calculations with 
geometry optimization and examination of the H O M O and L U M O orbitals to 
choose the most likely structures to study further. High level ab initio 
calculations, RHF 631G(d) to UMP2/631G, with geometry optimization further 
refine the isomer clusters so that students can summarize bond lengths and 
angles of the isomers along with being able to determine their relative stabilities. 
Calculated ab initio vibrational frequencies along with assignment of structures 
to Raman or IR lines lead ultimately to the selection of the most likely cluster to 
account for the missing lines in the IR spectrum. The relative enthalpies and 
entropies obtained from the computed vibrational frequencies provide a nice link 
to classical thermodynamics. 

For those more inclined to use environmental topics to enrich 
thermodynamics and kinetics parts of the physical chemistry curriculum, 
"Modeling Stratospheric Ozone Chemistry" and the "Contrail" projects are two 
examples. 

Modeling Stratospheric Ozone Chemistry 

In the ozone project the designers wrote: 

What sort of chemistry controls the formation of an ozone layer? What 
effects might man-made chemicals have on the ozone layer? These 
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questions are fertile territory for physical chemists. In this project we 
will draw upon data collected by careful experimental measurements of 
physical chemists working in the laboratory and in the atmosphere. 
Using their data, the powerful numerical methods capabilities of 
Mathcad, and some basic ideas from kinetics, we will explore how the 
concentrations of ozone and other stratospheric species change with 
time. 

In this project students review the Chapman cycle mechanism in detail and 
some photochemistry concepts including the photostationary state. A key 
element of this project is its focus on an important chemical mechanism and the 
use of exploratory options for predicting ozone concentrations as a function of 
time while reviewing other fundamental chemical kinetics concepts. Mathcad is 
used as the symbolic mathematics engine for solving the requisite differential 
equations and ample instruction is provided to students to guide them on the use 
of the software in this project. 

Contrails Project 

In the Contrails project the developer notes the following: 

Physical Chemistry is fun when natural phenomena are explained and 
basic chemistry principles are applied. It is especially useful when the 
nature of the problem involves an inter-disciplinary approach in 
which physical chemists play major roles in contributing key 
concepts and ideas. Our objective in this project is to use 
mathematics and physics applied to chemistry and climatology to 
determine the possibility of contrail formation behind the jet planes. 

In this project students work collaboratively to build an understanding of the 
vapor pressure diagrams of ice and water and the cooling of jet exhaust. In 
particular students are asked to estimate the combustion chamber temperatures 
and pressures of a jet engine, estimate air temperature and pressure as a function 
of altitude, and predict cloud formation using phase diagrams, jet exhaust 
pressures and temperatures and weather data. Students using this module should 
be intrigued by the use of a simple one-component phase diagram for water 
along with the plot for air temperature and vapor pressure (humidity of the 
atmosphere) and the vapor pressure and temperature plot for jet exhaust to 
predict the appearance of contrails, frost in the atmosphere. 
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Projects in General 

As the above four examples show, one can break out of the mold of standard 
laboratory and lecture processes by creating and using projects that span several 
weeks and include several fundamental concepts. Projects have been run 
collaboratively among participating classes from different campuses (79-2/). 
This works well to support small classes by creating a critical mass of students 
who can contribute to the development of each other's concepts through 
intercollegiate collaborative learning. The projects have also been used in single 
classes where the number of students is large enough to support groups which 
serve as teams to complete different aspects of a project. Through collaborative 
work students can construct their understanding and more securely connect new 
concepts to their intellectual frameworks. This brings currency to the course, an 
appreciation that physical chemistry is more than just an advanced mathematics 
class, and may create a positive impact on long term retention. The other 
available projects are listed in Table I. 

Using these physical chemistry projects requires some scheduling flexibility. 
Each project requires several weeks (4-6 weeks is common) before students 
reach closure. Admittedly there are few instructors willing to give a third or half 
a semester to a single project in an already crowded curriculum without strong 
reasons to do so. Before discarding the idea one should consider that none of 
these projects requires full class or laboratory time for any week(s) of a 
semester. These projects are highly modular and can be implemented 
concurrently with other laboratory experiments and/or lecture class work. Much 
of the work of a project can be done outside of class time and can substitute for 
some assigned homework. Thirty minutes or so at the beginning of a laboratory 
period or during automated data acquisition is ample for students to participate 
and report on the progress during a project. Closure for students can be ensured 
by requiring a laboratory report that can be counted as equivalent to up to two 
full laboratory reports out of a typical semester of seven reports so as to 
acknowledge the extra work involved. Multitasking permits students to complete 
traditional experiments and participate in longer projects. If the projects are run 
intercollegially then asynchronous communication is the norm and more out of 
class time is required to supplement lab time or class time. Intercollegiate 
projects require a host web site with suitable course management software for 
posting and checking progress across participating campuses. 

A strong faculty facilitator and strong faculty support on each participating 
campus is required for project success. Students need constant monitoring by 
faculty to ensure timely completion of project assignments. Students also need 
instruction on how to participate and how to use their scientific voice when 
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Table I. Other Physical Chemistry Projects with Content Area 

Project Title Content Area 
Be My Guest: Thermodynamics of Spectroscopy, Thermodynamics 
Inclusion Compounds 
Real Gases Thermodynamics 
Spectroscopy of I 2 Spectroscopy 
Polymer Elasticity - Bungee Jumping Materials Science, 

Thermodynamics 
Polymers are Us Materials Science, 

Thermodynamics 
Laser Dyes and Molecular Modeling - The Spectroscopy, Computational 
Shady Laser Chemistry 
How Hot is That Flame Thermodynamics 
Computational Chemistry and Hair Dyes Spectroscopy 
Apple Enzyme Kinetics Kinetics, Biochemistry 
Chirality Spectroscopy 
The D N A Melt BioPhysical Chemistry 
Up And Down: Energy Spectroscopy and Lasers 
Transitions Make Lasers 

sharing ideas in writing with student colleagues on a distant campus. When 
implementing a project one or two older more traditional experiments should be 
eliminated to make room for the project and ease the burden on students. The 
rewards in terms of learning current physical chemistry methodology more than 
compensates for deletion of some older 'cherished' experiments that may be of 
little interest to students. In lecture the time spent on some topics can become 
part of a project through guided inquiry methods thus freeing up lecture time for 
more modern literature based topics. 

"Physical Chemistry with a Purpose" created by Michelle M . Francl is 
another collection of project type physical chemistry materials (22). There are 
six modules available for student use. Each module consists of a recent paper 
from the literature accompanied by questions that guide the student through 
critically reading the paper. Follow-up questions connect the content of the paper 
to the topics covered in a traditional undergraduate physical chemistry course. 
The collection is more focused than typical case studies and unlike text books 
provides a clear link to the chemical literature and draws student attention to 
how physical chemistry is relevant to current chemical research. These modules 
are easily incorporated in typical classes along with homework. Strong faculty 
guidance is important here so that students, most of whom are not familiar with 
independent projects in physical chemistry, reach closure. These projects serve 
as a model for others interested in enriching the physical chemistry curriculum. 

The use of projects is relevant when teaching physical chemistry because 
they expose students to the idea that physical chemistry is important to the work 
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of all kinds of scientists: organic chemists, climatologists, kineticists, 
computational chemists, biochemists, etc. Physical chemists only need to be 
creative in designing the modules that tie the concepts together while making 
them intellectually stimulating and accessible to students in a guided inquiry and 
constructivist manner. The benefit to teaching faculty is the collegial 
relationships that develop during intercollegiate projects. This accompanies a 
more practical aspect, namely, learning how our students understand concepts as 
they write about them and discuss with us how to write about them. Tested and 
peer reviewed projects modules can be published in the Journal of Chemical 
Education as part of the Learning Communities Online Collection of teaching 
materials (http://www.jce.divched.org/JCEDLib/LrnCom/index.html). 

Using Digital Resources in the Physical Chemistry Curriculum 

Spreadsheets 

Physical chemistry teachers transitioning to digital formats in physical 
chemistry typically start with spreadsheets especially for student laboratory 
reports. Analysis of large data sets and preparation of plots with spreadsheets is 
an easy and effective way to increase student efficiency; digitally completing the 
busy work of number crunching frees time for students to reflect on the concepts 
and focus on the meaning of the data that were collected in the lab. The use of 
spreadsheets also builds upon students' prior experience with this tool. The 
temptation here, however, is to add additional material to an already crowded 
curriculum. Most of the time gained by increasing the efficiency of producing 
reports and completing assignments should be used for developing a better 
understanding of topics before the addition of extra content is considered. 

Spreadsheets can be used for much more than laboratory report preparation. 
These tools are useful as teaching and learning aids both during lecture and for 
homework. A recommended approach is to use well-crafted spreadsheet 
materials combined with guided inquiry activities that lead the student to deeper 
understanding of a topic. One does not need to develop such spreadsheet 
templates de novo because many already exist in the JCE DLib archives or on 
the W W W . Using existing spreadsheets gives any instructor a jump start toward 
a digitally enhanced course. Instructors can also add to the growing JCE 
collections. 

Examples of well-crafted, peer-reviewed spreadsheets can be found at the 
JCE DLib WebWare site, http://www.jce.divched.org/JCEDLib/WebWare/ 
index.html. 
Several peer reviewed and open review examples include: 
• Self-Consistent Field Calculations Spreadsheet (23) 
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• The Effect of Anharmonicity on Diatomic Vibration: A Spreadsheet 
Simulation (24) 

• The Relation of Temperature to Energy Spreadsheet (25) 
• Spreadsheet Methods for Point Group Theoretical Calculations (26) 
• Interactive Spreadsheets by Coleman (27) 
• The Photoelectric Effect by Coleman (28) 

Finally, from the W W W there is a small collection created by Kieran Lim 
from Deakin University at Geelong in Victoria, Australia. This collection was 
created as part of the Learning and Teaching Support Network (LTSN), 
MathsTEAM Project (29). Since quantum theory is a key part of the chemical 
and physical sciences, it is important even for the mathematically less well 
prepared student such as many of those majoring in biochemistry, biological 
sciences, etc. to have meaningful experiences with the topic and solving the 
Schrodinger equation. The collection provides a spreadsheet approach, based on 
approximate numerical solutions and graphical descriptions of the SchrCdinger 
equation, to develop a qualitative appreciation of quantum mechanics among 
students. The collection includes studies of solutions to the Schrodinger equation 
for various types of potential wells including the Morse potential, a triangular 
potential, the barrier potential and others. The active Excel and pdf files can be 
obtained online (30,31). 

Symbolic Mathematics Engines 

The second method to push the physical chemistry curriculum forward with 
technology is by using symbolic mathematics software or spreadsheets as an 
integral part of a course. Symbolic mathematics engines (SME) such as 
Mathcad, Mathematica, and Maple provide a way for faculty to give students 
advanced mathematical assignments, collect answers to numerical problems, and 
increase student skills in problem solving. To support the increasing use of S M E 
in the physical chemistry curriculum a collection of over 100 S M E documents 
written by over 20 teaching chemists exists at http://bluehawk.monmouth.edu/ 
-tzielins/mathcad/index.htm. The topics in the collection are arranged in the 
table of contents format shown in Table II. 

Approximately half of the documents in the site have been published in the 
Journal of Chemical Education where they are permanently archived, 
http://jchemed.chem.wisc.edu/JCEDLib/index.html. The JCE Digital Library 
Collection (JCE DLib) contains both peer reviewed and open access documents. 
Usage policy for these documents follows standard practice for JCE. Faculty 
may distribute copies of the documents to students in their classes i f they have a 
JCE subscription or their campus has an IP based subscription to the Journal. 
Students have access to documents through a campus IP based subscription. 
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Table II. SME Content Areas in Two Columns 

• Mathcad Skills • Gases 
• General Chemistry • Classical Mechanics 
• Thermodynamics • Crystallography 
• Numerical Methods • Statistical Mechanics 
• Quantum Basics • Statistics 
• Symmetry Topics • Molecular Mechanics 
• Spectroscopy • Fourier Methods 
• Kinetic Theory • Advanced Chemistry 
• Chemical Kinetics 

Why Use SME in Physical Chemistry Courses 

Although physics and calculus are prerequisites for physical chemistry and 
the course is the first one in which numerical methods can be used to compute 
physical and chemical quantities from measurable data, there is a dichotomy in 
actual practice that extends from plug and chug type calculations to elaborate 
thermodynamics and quantum mechanics derivations using partial derivatives. 
Incorporating symbolic mathematics into the physical chemistry course provides 
students with more meaningful mathematical experiences, ones that lead to better 
understanding of the core concepts. By systematically using SMEs and S M E 
templates throughout a course, students advance their mathematical skills and 
learn to appreciate mathematical models in chemistry and in particular 
spectroscopy. Well-crafted templates permit students to explore and discover 
concepts free from the drudgery of programming or numerous error-prone hand 
calculations and plots. There is no reason for students to use hand plots of data 
given the ubiquitous availability of SMEs and spreadsheets. Digital tools are best 
used to help students to focus on concepts and promote instructor-student 
discussion. 

Choosing Symbolic Mathematics Applications 

Since the collection contains over 100 documents faculty must choose which 
documents to use in their courses. The most effective mechanism is for faculty to 
require use of an S M E from the very start of a course and build opportunities for 
students to learn the software as they complete homework and write laboratory 
reports throughout the semester. Thus one would start with a training exercise 
for the S M E and follow with simple calculations and exercises in every 
homework assignment. As the semester proceeds one can introduce skills for 
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doing derivations that support the concepts in the course. A first example could 
be the integration of CP(T) to get heat required to warm a sample of a material. It 
is important to emphasize to students that although this may seem harder at first 
compared to using paper and pencil, it is actually easier in the long term when 
they can use their own previously developed worksheets to solve new exercises 
or build solutions to more complex problems. A small selection of documents 
that would be useful in a physical chemistry curriculum follows. 

Documents suitable for a quantum chemistry semester include: 

• Playing with Waves 
• Introductory Explorations of the Fourier Series 
• Exploring Orthonormal Functions 
• Blackbody Radiation 
• Harmonic Oscillator Wavefunction Explorations 
• Properties of the Radial Functions 
• Introduction to Franck-Condon Factors (32) 
• The Iodine Spectrum (33) 
• Exploring the Morse Potential (34) 
• Vibronic Spectra of Diatomic Molecules and the Birge-SponerExtrapolation 

(35) 

The documents suitable for a thermodynamics course include: 

• van der Waals and Redlich Kwong: Fitting Two-Parameter Equations to Gas 
Data 

• Maxwell Distribution of Gas Molecule Velocities 
• Computing a Flame Temperature 
• Fitting a Polynomial to CP(T) data for A g 
• Calculating Enthalpies of Reactions 
• Computing a Liquid-Vapor Phase Diagram 
• Modeling Stratospheric Ozone Kinetics, Part I and II 

S M E use can also be required in the laboratory. A l l reports can be generated in 
digital format and calculations done with an SME, either Mathcad or Excel. The 
ease of interweaving text, calculations and plots in a single document makes 
software like Mathcad a valuable tool for preparation of student reports. 
Standard cut and paste from SME or spreadsheet can be used with word 
processing software to produce more traditional laboratory reports. A strong 
argument for digitally generated reports is that they can be submitted 
electronically as S M E documents, digitally annotated and graded, and returned 
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electronically to students. This also provides a mechanism by which faculty can 
archive student work for outcomes assessment or formative assessment of course 
materials. 

Most of the documents in the JCE S M E collection were written for 
Mathcad. However, the collection is expanding and adding Mathematica and 
Maple documents that are either original contributions or translations of existing 
Mathcad documents. Contributions or translations from colleagues who use 
Mathematica and Maple are needed to round out the collection and make it 
useful to a wider audience. Reviewer volunteers are also needed for documents 
that are submitted for publication in the JCE SymMath feature column. 

New Directions 

Physical chemistry's scope is very broad in its own right and important as a 
foundation for other chemistry disciplines. Our role as physical chemistry 
teachers is to prepare the youngest scientists in our community to be able to enter 
a wide variety of chemistry based careers. Given the scope of the discipline we 
cannot hope to cover everything that is important and/or interesting in two or 
three semesters. We must exercise expert critical thinking when selecting topics 
for both lecture and laboratory. We fail in our teaching role i f we do not question 
the choices made by publishers and textbook authors who at present seem to be 
setting the agenda for course content. 

Perhaps it is time for a new approach, one based more on local campus 
needs and faculty experience, one with greater flexibility for the instructor. This 
approach is now being explored through the JCE DLib Living Textbooks for 
Chemistry project, http://www.jce.divched.org/JCEDLib/LivTexts/index.html. 
The first entry in this area is "Quantum States of Atoms and Molecules" (36). 
This resource contains an introduction to quantum mechanics as it relates to 
spectroscopy, the electronic structure of atoms and molecules, and molecular 
properties. This resource contains active Mathcad templates and guided inquiry 
activities for students to use alone or in groups to increase their understanding of 
various concepts and develop information processing, critical thinking, and 
problem solving skills. With a living textbook there is opportunity for members 
of the teaching community to add chapters or activities. Whole sections and 
chapters on thermodynamics, statistical mechanics, and chemical kinetics need to 
be added to the living textbook. Each chapter will be peer reviewed prior to 
addition to the collection. The major outcome is that faculty will have available a 
reliable and accurate resource at minimal cost. 

New directions in teaching physical chemistry should also expose students 
to the fundamentals of computational chemistry and the more modern methods 
used in the determination of rates and mechanisms of chemical reactions. 
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Computational chemistry is essential in a modern physical chemistry course. 
One approach would be to use laboratory time to have students work through a 
number of exercises accompanied by elaboration of the concepts in lecture or 
pre-laboratory discussions. Each of the major computational chemistry software 
packages come with workbooks or tutorials for learning the software. For 
example, students can learn by completing exercises in the Spartan tutorials (57). 
Similar approaches can be taken when using Gaussian (38) and Hyperchem (39) 
tutorial or exercise collections. 

Chemical kinetics studies as practiced in industry are far more complex than 
the smattering of examples presented in typical undergraduate physical 
chemistry courses. The few hours we spend in typical physical chemistry courses 
do not include the more complex and more interesting examples in the literature 
because of the level of mathematics required. However, students can be 
introduced to more complex processes through the use of simulation software 
which is available via the W W W (40). Most important is that students develop 
an appreciation of what a mechanism is and what steps are taken to develop a 
mechanism for a new chemical reaction. Carefully designed simulations can help 
students develop these skills as reported by Houle (41). 

Many other topics also can be considered for inclusion in the first-year 
physical chemistry course. Enzyme kinetics, the study of the solid state and 
crystallography (42), and polymer chemistry would be especially interesting to 
the biochemistry students in our classes. The choices are limited only by the 
creativity of faculty teaching the physical chemistry courses. 

Conclusion 

There are several conclusions one can draw can draw with respect to using 
digital technology in physical chemistry teaching. These include: 

• Begin using new technology to teach physical chemistry as soon as the 
emergence of that technology. 

• Use S M E and projects from the first week of a course. 
• Build student skills by constant usage of the S M E throughout a course. 
• Provide students with support in the form of templates and personal or 

online guidance. 
• Use more guided inquiry and active learning to replace standard lectures in 

order to provide students with more meaningful learning experiences. 
• Stress advances in computation throughout the chemistry curriculum. 
• Embed fundamental concepts in the rich environment of projects, SMEs, 

and computational chemistry software. 
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• Search for other useful computational tools to use in the physical chemistry 
curriculum, develop the tool, and then share your work with the teaching 
community. 

Transmitting a body of knowledge as one would find on a set of D V D disks 
or in a text book is not the goal of the physical chemistry course. Our primary 
goal is to empower students to be life-long learners who will continue to build 
upon the foundation we help them create in our classes. Our second goal is to 
help students build that foundation upon which they will add other topics on a 
need-to-know basis. The foundation should contain a sufficient breadth of the 
basic physical chemistry cannon to provide and enable continued learning and 
growth in a career. The foundation should also provide depth in several content 
areas to enable students to grow intellectually. Much of the fundamentals can be 
developed by students through highly interactive projects and S M E tutorials that 
are grounded in concrete modern examples. After all, we learn best by doing and 
projects provide active guided-learning paths for students to use, therefore 
achieving learning by doing. 
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Chapter 11 

"Partial Derivatives: Are You Kidding?": Teaching 
Thermodynamics Using Virtual Substance 

Chrystal D. Bruce 1, Carribeth L. Bliem 2, and John M. Papanikolas2 

1Erskine College, 2 Washington Street, Due West, SC 29639 
2Department of Chemistry, CB 3290, Venable and Kenan Laboratories, 

University of North Carolina, Chapel Hill, NC 27599 

Inquiry-driven student learning of thermodynamics is achieved 
with the implementation of the Virtual Substance molecular 
dynamics simulation program. Problem solving and critical 
thinking skills are developed by students through the 
completion of the modules described in this chapter. In 
addition, Virtual Substance is shown to be exceptionally 
numerically accurate as a tool for doing authentic science. 

Introduction 

As instructors of physical chemistry, we all too often hear comments like the 
one in the title of this chapter. The prevailing attitude with which many students 
approach physical chemistry is one of fear for their academic survival. The 
concerns they have are not so much with the chemistry but with the math. For 
some students, the physical chemistry course is the first time they must 
authentically apply advanced mathematical concepts to solve real problems. 
Instructors can facilitate this transformation with exercises that demand critical 
thinking skills, but developing such materials requires extensive time and talent. 
The Virtual Substance molecular dynamics program is a powerful tool in our 
efforts as educators to help students successfully transition from abstract 
knowledge of mathematics to its application to scientific concepts. 

Currently, many software programs are available that provide opportunities 
to visualize some of the more complicated concepts in the undergraduate 
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chemistry curriculum. For instance, commercially available quantum mechanical 
software programs such as Gaussian (7), Spartan (2), Hyperchem (5), or CAChe 
(4) allow students to build molecules, calculate their vibrational frequencies, and 
observe the vibrational modes as the molecules bend or stretch. Mathematical 
programs like Mathcad (5) or Mathematica (6) enable students to integrate 
complex equations, allowing them to see the myriad calculations that comprise 
molecular orbital theory or determine values of the Virial coefficients. Indeed, 
the incorporation of these and similar programs has changed the way college 
physical chemistry is taught and the types of problems undergraduates can 
tackle. 

Sometimes, though, these programs can seem like a "black box" to students; 
while they can produce pretty pictures or the values of constants, students do not 
gain the conceptual understanding to analyze those pictures and values. The 
proper use of these programs requires insight and much thought into the design 
of assignments that guide inquiry and analysis so as not to remove the thinking 
that the students must do. Further, few of these programs directly address 
thermodynamics, a subject that begs for interesting material, especially from the 
students' point of view. 

Virtual Substance, by contrast, offers a host of possibilities that can bring 
thermodynamic concepts to life. It offers the user an interface with a learning 
curve that quickly removes the element of the "black box", yet the resulting 
analysis of the generated data requires serious thought and understanding of the 
concepts to make sense. After some experience with the program and 
progression through the course material, the connection between molecular-level 
forces and thermodynamic properties becomes intuitive to students. Virtual 
Substance transforms physical chemistry concepts such as radial distribution 
functions, phase transitions, and real gas (versus ideal) behavior from abstract 
mathematics to real-world understanding, and it does so with exceptional 
numerical accuracy. 

A framework for using computer models 

As physical chemists, our goal is to describe and predict chemical 
properties of real substances from a molecular perspective. How are pressure 
and volume related for argon gas, for instance? The straightforward way to 
describe argon is to perform experiments in which the pressure is varied and 
record the volumes that result, leading to the inverse relationship originally 
observed by Boyle. 

The ability to predict properties of a substance requires a thorough 
understanding of what is occurring at the microscopic level. Using this 
knowledge, one can construct an analytical expression that relates the 
macroscopic properties of the gas. This expression, an equation of state (EOS), 
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describes the thermodynamic quantities of the substance. The ideal gas law is 
one such expression, and the van der Waals equation is another. Both 
expressions describe a the pressure of a gas relative to its volume, but they 
incorporate different definitions of force between atoms to do so. Not 
surprisingly, these two equations of state predict different pressures. 

By comparing experimental data with equations of state, we are able to test 
the analytical expression for accuracy. In this way, we find, for example, that the 
ideal gas law works well when the system exhibits low pressure or large volume 
but falters at high densities. We may choose to refine the equation to more 
accurately predict experimental outcomes or we may see the differences as a 
trade-off for the simplicity of the EOS. 

Another avenue for predicting properties of a substance can be obtained by 
creating a computer model of the substance, a virtual substance, and observing 
its properties. Key to this modeling is our choice of the interactions between 
atoms. In the model, we can decide what type of interaction we want to include 
between the atoms. The simulation shows us exactly what is going on between 
particles for the given intermolecular potential It provides a window to the 
microscopic level that not only informs our understanding of the gas but actually 
adds knowledge regarding the physics of the system - knowledge not available 
from physical experiments. 

The comparison of computer models with experimental data, then, tests the 
accuracy of the model. Assuming good agreement, we can take our analysis one 
step further: by comparing equations of state with computer simulations, we test 
the assumptions implicit in the theories that lead to the EOS. That is, we shed 
light on what parameters in the analytical expression give rise to observations in 
the computer simulation. We can assess which underlying assumptions in the 
EOS constrain its usability. 

What is Virtual Substance? 

In essence, Virtual Substance can be used as a new way of incorporating 
software in chemistry - a tool for doing 'real science' on a desktop computer. 
Virtual Substance is a molecular dynamics simulation program that generates the 
properties of a substance in the solid, liquid, and gaseous phases by describing 
the substance as a collection of individual particles. The easy-to-learn software 
has as input an intermolecular (interatomic) potential that is used to calculate 
forces on individual atoms. It then integrates Newton's equations of motion over 
time in order to observe the dynamics of the system (i.e., the positions and 
velocities of all the particles as a function of time). The program provides a 
three-dimensional view of the system that shows the motion of the particles 
during the course of the calculation. The link to thermodynamics is made by then 
using the forces, positions, and velocities to calculate the pressure (P), 
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temperature (T), and total energy (E). When P, T, and E are combined with the 
volume (V), one obtains the thermodynamic state of the system. 

Figure 1 shows the initial user interface and an example of a generated 
virtual substance. Depending on the parameters selected, Virtual Substance can 
model gases (ideal and real), liquids, solids, and polymers. Available 
intermolecular potentials include the soft sphere model (repulsive forces), the 
Lennard-Jones model (attractive and repulsive forces), and the Lennard-Jones-
with-FENE (finite extension nonlinear elastic) model for examining the 
statistical mechanics of polymeric chains. (7) The program is parameterized for 
the noble gases He, Ne, Ar, Kr, and Xe, and it has the capability to examine 
user-defined substances. Users set the number of particles in the system, which 
is limited by the system memory and processing power of the user's computer. 
Calculations involving 100-200 atoms are tractable on most desktop computers. 

Virtual Substance simulations can be run using either periodic boundary 
conditions or fixed walls. In a fixed wall calculation, the simulation box has 
physical walls. The resulting system is a "droplet", albeit a rectangular droplet, 
and as a result, the thermodynamic properties differ from those of the bulk 
substance. One can create a bulk substance by using periodic boundary 
conditions where the simulation box interacts with copies of itself repeated in 
three dimensions. (8) This approximates the extended nature of a bulk material, 
making it appear infinite, and results in better accuracy in the calculation of 
thermodynamic properties. 

Once users have generated a substance, they then choose a simulation type: 
constant energy (E), constant volume and temperature (V,T), or constant 
pressure and temperature (P,T). Additional simulation conditions that must be 
set are the timestep for the integration of the equations of motion (in 
femtoseconds) and the number of steps. Figure 2 shows the simulation interface 
for choosing these parameters. Throughout the simulation, instantaneous values 
of T, P, V and E are shown. At the completion of the simulation, average values 
of the temperature, pressure, volume, total energy, kinetic energy, and potential 
energy are reported. Students can also generate a list of x,y, and z coordinates or 
velocities for each atom using the configuration tab. 

Another useful feature is the command script. This built-in command 
language enables users to automatically perform calculations at a series of P, V , 
or T values; that is, to submit a batch of calculations and save every set of 
results. Thus users can parameterize and initiate a set of calculations and walk 
away; when they return, the data is ready to be analyzed - the real challenge! 

Thermodynamic concepts studied using Virtual Substance 

Virtual Substance can be used as supplemental homework assignments in 
the physical chemistry lecture course or as laboratory modules for a physical 
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Figure 1. a) Virtual Substance model building interface 
b) Sample generated substance. 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



Fi
gu

re
 2

. 
Vi

rt
ua

l S
ub

st
an

ce
 si

m
ul

at
io

n 
in

te
rf

ac
e 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



200 

chemistry lab course. At Erskine College, Virtual Substance has been used 
solely in the laboratory portion of the course. Students are required to write 
formal reports based on the Virtual experiments. By requiring significant 
quantities of data analysis and extensive write-ups, the students internalize what 
they learn using Virtual Substance possibly more than any other 
projects/assignments/material they complete. The assignments are designed to 
build upon each other: the first, an exploration of the ideal gas law to determine 
the value of the gas constant, R, gives the students an opportunity to learn the 
Virtual Substance program without worrying about the methods involved in the 
molecular dynamics simulation. By the end of the semester, the students have 
had enough experience with Virtual Substance, molecular dynamics, and 
thermodynamics to complete an independent project. (The partial list of 
possible topics given to the students is shown in Table 1.) Each student submits 
a proposal, completes a set of simulations, presents his or her results to the 
department, and writes a formal report. Although having all of these projects 
going on at once at the end of the semester can be hectic for the professor, this 
process is an invaluable learning experience for the students. 

Ideal Gas Law 

The purpose of this first assignment is to orient the students to the Virtual 
Substance program in the context of familiar theory. A detailed procedure leads 
students through a series of steps including simulation conditions but not data 
analysis. Students are asked to plot the data in some form to acquire a value for 
the gas constant, R. Actual student findings yield average values of 0.0825 L 
atm mol"1 K" 1 for Argon and Xenon under either constant pressure or constant 
volume conditions. An important result of this work is the agreement between 
the measured value of the gas constant and its experimentally accepted value. 
For instructors, the use of Virtual Substance as an inquiry-driven, problem-
solving tool is appealing. For students, numerical accuracy is extremely 
important. It gives them a sense of accomplishment and a guideline for 
determining where a mistake has been made if they do not get "the right answer". 
Now they can test the question "Is my answer reasonable?" because they know 
the result they should achieve. 

Real Gas Behavior 

One of the over-arching goals of physical chemistry is to explain real 
systems by building upon what we know about ideal systems and examining the 
limitations of those idealized models. The study of real gas behavior using 
Virtual Substance is one of the most eye-opening assignments for the students. 
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In this lab, the students determine the compression factor, (9) Z = PV/nRT, for 
Argon using the hard sphere model, the soft sphere model, and the Lennard-
Jones model and compare those results to the compression factor calculated 
using the van der Waals equation of state and experimental data obtained from 
the NIST (10) web site. Figure 3 shows representative results from these 
experiments. The numerical accuracy of the Virtual Substance program is 
reflected by the mapping of the Lennard-Jones simulation data exactly onto the 
NIST data as seen in Figure 3. 

One particularly powerful insight students gain from this assignment is the 
limitations of the van der Waals equation of state. Often in undergraduate 
chemistry courses, the van der Waals equation is presented as the universal 
correction to the ideal gas law, perhaps owing to its straightforwardness and the 
ease with which it can be understood. Recognizing its limitations leads students 
to consider other equations of state, where each expression has its own set of 
assumptions. While students are initially uneasy with the notion that the van der 
Waals equation has drawbacks and that decisions about which EOS to use 
depends on the system or context, this unease is not uncommon in the execution 
of real science. 

Thermodynamic Properties 

The final guided assignment that students at Erskine College perform is to 
calculate the expansion coefficient, a, and isothermal compressibility, k T , for 
Argon behaving as an ideal gas. The word guided is used rather loosely in this 
case. The students are instructed to combine their knowledge of a and k T with 
their experience using Virtual Substance to determine these values and compare 
them with theoretically predicted values. After perusing the textbook (9) and 
reminding themselves that 

k T = -( l /V)(dV/dP) T , n and a = (l/V)(SV/dT) P , n , 

students must recognize what all the symbols in these equations mean and then 
relate them to the simulation parameters in Virtual Substance. To instructors, 
this may not seem like a barrier, but in truth, students must integrate two 
concepts: the "constant" in partial derivatives and the "constant" in a simulation. 
In addition, they must determine what data they require in order to achieve the 
desired result and how to collect it in Virtual Substance. Given the program's 
straightforward interface, an unthinking student can quickly amass a large 
volume of data. However, when (and not if) this happens, she becomes 
overwhelmed by the sheer volume of output, much of which may be completely 
unnecessary in the context of the particular experiment. Proper execution of this 
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Figure 3. Student results from real gas experiments. 

Table 1. Topics that can be investigated with Virtual Substance 

Kinetic Theory 
of Gases 

Velocity Distribution 
Speed Distribution 
Collision Frequency 
Mean Free Path 

Determine average and RMS 
speeds from data 
Plot radial distribution functions 

Real Gases P(V) Identify limit(s) of ideal behavior 
Determine critical constants 

Energy and 
Enthalpy 

E(T) 
H(T) 
E(V) 
H(P) 

Determine C v and C P from data 
Determine A H v a p and AHfuS 

Internal Pressure 
Combine with C P to get Joule-
Thomson coefficient 

Entropy CP(T) Calculate Sm(T) 
Calculate ASfuS and A S v a D 

Internal 
Pressure 

P(T) Confirm that TTt = T(dP/dT)v - P 

Phase 
Diagrams 

Construct phase 
diagram from TfuS 

and Tvap 
measurements 

Phase transitions 
Identification of phase boundaries 
Comparison with Clausius-
Clapeyron equation 

Polymer 
Modeling 

Output x.y.z 
coordinates 

Track end-to-end distances 
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assignment forces students to think critically before, during and after the 
experiment, that is, to develop problem solving skills - the ultimate goal of 
educators. 

Once students have discovered what simulations to conduct and what data to 
collect, they must next assess how to extract the derivative. For the 
determination of a, a plot of volume versus temperature produces a line; most 
students make the connection between the slope of a line and the derivative. The 
interesting part occurs when they plot volume versus pressure and see a curve. 
Now what? While it may take a bit of time, most students realize eventually that 
they can fit a power series to the curve and take the derivative of the resulting 
function. This assignment reinforces the concepts students have been studying in 
the lecture portion of the course and provides an opportunity to see the 
applicability of the mathematics previously regarded as off-putting or of 
theoretical use alone. 

Problem Solving Skills 

Authentic learning occurs when a student uses previous knowledge to 
explain new information, that is, when existing knowledge and new experiences 
are synthesized by the student. Unfortunately, this type of learning rarely takes 
place in the passive setting of a lecture. It can occur while students are doing 
homework, and it sometimes occurs in lab, but it is often accompanied by much 
frustration on the part of the student. Too often, commercially available 
textbooks, problems, and lab protocols do not provoke thought necessary to 
achieve this type of learning. Virtual Substance modules, in contrast, are 
designed to foster learning physical chemistry and to develop problem solving 
skills by doing authentic science. By providing a protocol that offers a set of 
research questions rather than a step-by-step approach to working through 
experiments, students must consider the goals of the assignment and then devise 
experiments to satisfy those goals. Students generally are uncomfortable with 
this approach at first; they prefer that instructors and protocols provide the 
thinking for them. However, this facet of the Virtual Substance modules is 
exactly what encourages authentic learning. 

Yet this approach does not reduce the responsibility of the instructor. In 
fact, the difficulty students face in finding "the answer" is almost matched by the 
discipline the instructor must show in not giving it to them. As mentioned in the 
descriptions of the Virtual Substance assignments, students will have to plan 
their attack and work through problems they encounter. This is the scientific 
process in practice. The task of the instructor or T A then becomes to guide the 
student through the process to a satisfying end result. Rather than being the 
keeper and giver of the knowledge, instructors (and TAs) must encourage and 
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direct students so that they discover the knowledge themselves. It's not as easy 
as it sounds! 

Student Comments and Evaluations 

The best evaluation of student learning is application. With Virtual 
Substance, students are required to integrate and apply concepts they have 
acquired in various courses at different times in their education to solve 
problems. After completing any of the Virtual Substance assignments, the 
students often understand a concept so well that they continue to apply the 
knowledge they acquired in their understand of new material we encounter. For 
example, after working with the hard sphere model, our discussion of collisions 
and the kinetic theory of gases could be much deeper because the students had 
an intuitive understanding of the model. 

Some feedback given by students include these comments: 
• It helped without my realizing it was helping. To hear the words "partial 

derivative" sends chills down my spine but I remember the math for Virtual 
Substance being easier. 

• I'm a big fan of figuring things out for myself. Because Virtual Substance 
allowed me to do my own thing I feel like I understood better what I was 
doing because it was me doing all the work from the beginning. 

• It gave me a better understanding of what was really going on in the "real" 
experiments in lab. Virtual Substance allowed you to "see inside" the 
container, visualizing the "actual gas particles." 

• It really helped to develop visual images of things that we don't ordinarily 
see (i.e. Gas expansions and such) 

In addition, the average score for Erskine College students on the 
Thermodynamics portion of the American Chemical Society standardized exam 
has increased by 26.4% to 22.5 out of 40 (22 students) since the introduction of 
Virtual Substance from 17.8 out of 40 (24 students) during the years prior to the 
use of Virtual Substance. Students are demonstrating mastery of questions 
directly related to concepts examined using Virtual Substance assignments. 
While these numbers are based on a small sample size, they are encouraging for 
instructors who appreciate the value of using hands-on learning opportunities. 

Conclusions 

The Virtual Substance program can reinvigorate the learning of a broad set 
of thermodynamic topics as seen in Table 1, the list given to students for 
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potential independent projects. It is an inquiry-driven tool that reinforces 
concepts while promoting critical thinking and developing problem solving skills 
with results that are extremely accurate. Other similar software programs that 
are currently available, while packed with many bells and whistles, are not as 
accurate, as user-friendly or as thought-provoking to use. The scientific process 
required to make sense of virtual experiments prepares students for future 
scientific endeavors whether they are headed to graduate school, industry, or 
other positions. Through the completion of Virtual Substance modules, students 
gain an understanding of a research question, learn to apply their prior "book" 
knowledge to design experiments, and then critically analyze their results to 
answer the question, all invaluable tools in the scientific arsenal. For teachers of 
physical chemistry, Virtual Substance is an extremely powerful tool to add to 
their collection of materials that emphasize physical chemistry concepts in 
general and thermodynamics specifically. Although incorporating Virtual 
Substance into the curriculum requires patience and a willingness to let students 
"cogitate" on the part of the instructor, the rewards are in students' advanced 
understanding of how mathematical concepts directly connect to chemical 
properties. In fact, some students even appreciate the beauty of those once-
dreaded partial derivatives. 

Currently, the Virtual Substance software program is available for free 
download at http://www.unc.edu/~jpapanik/ VirtualSubstance/VGMain.htm. 
Along with a concise manual, the website offers modules that address the 
thermodynamic concepts of the ideal gas constant, real gas behavior, and 
calculation of heat capacities. At this time, additional modules are available by 
contacting the authors; topics include radial distribution function of condensed 
phases, structure of polymer chains, phase transitions, and thermodynamic 
properties (isothermal compressibility and expansion coefficients). Because the 
Virtual Substance program is a work in progress, modules are being added to the 
website on an ongoing basis. We encourage interested users to check the 
website regularly and register to be notified of additions and upgrades to the 
program. Please feel free to contact us with questions, comments, and 
suggestions. 
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Chapter 12 

Molecular-Level Simulations as a Chemistry 
Teaching Tool 

Jurgen Schnitker 

Wavefunction, Inc., 18401 Von Karman #370, Irvine, CA 92612 

Simulations of chemical systems can provide students with 
authentic laboratory experiences within the confines of their 
regular coursework. In the most common type of simulation, 
the focus is on the manipulation of virtual equipment or toy 
models of chemical processes. In a second type, here labeled 
"atomistic simulations," the main challenge for students is the 
analysis of the visual and numerical data that are generated by 
true models of nature. The power of the atomistic approach 
lends itself perfectly to the quantitative character of physical 
chemistry. While computationally demanding, the 
corresponding simulations no longer require resources other 
than those available on even the most modest of today's 
machines. With pedagogical as well as motivational value for 
students, atomistic simulations are poised to become a routine 
teaching tool. 
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Curriculum developers as well as textbook publishers have in recent years 
increasingly taken to the use of simulations for the teaching of basic science 
concepts. Not too long ago mostly delivered on CDs, the corresponding software 
is now often browser-based and available online. In fact, simulations can be a 
very effective tool to provide students with learning experiences that are both 
powerful and lasting. As outlined in the following, however, the term 
"simulation" is used in connection with some widely differing approaches. 
While all can be of value in the classroom, the associated learning objectives are 
quite different. 

Science Media 

The dictionary defines simulation as "the representation of the behavior or 
characteristics of one system through the use of another system" (/). The use of 
simulations in chemistry is prevalent enough to have been the subject of 
educational research (2-5). In a lot of the corresponding software, the objects 
being represented are the chemicals and pieces of equipment of an actual 
laboratory or, equally common, cartoon-style abstractions of chemical concepts. 
Students thus get to manipulate simulated glassware, prepare solutions by 
dragging icons, or shuffle electrons to satisfy the rules of quantum mechanics. In 
software for beginners, they may on occasion even cause fake explosions. 

The simulations are developed through storyboarding and typically follow a 
very tight script. In technically advanced renditions (using Flash or Java 
applets), the students may engage in nontrivial and intellectually stimulating 
interactions. In a more traditional format, the delivery is through media players 
(such as QuickTime), leaving the student mostly as a passive observer. The term 
"animated narrative vignette" has been used to characterize this type of learning 
experience (6). Whether involving true student interaction or not, we will use the 
term "science media" for simulations and animations that are focused in the 
indicated way on one topic at a time. 

The physical chemistry topics treated by science media span a wide range, 
from the photoelectric effect to the hydrogen spectrum, and from the Carnot 
cycle to the partition function. This is in fact the major appeal of the whole 
approach: the pedagogically narrow learning objectives of teaching standards 
and standardized examinations can be catered to with custom software that 
always highlights precisely the item being assessed. 

In conclusion, the strength of science media is that they can potentially 
provide very succinct, albeit cartoonist treatments of a large number of topics. 
Their weakness is that they will do, and only do, whatever the designer or 
programmer had in mind. Essentially, science media are a 21 s t century, 
computer-based version of the textbook illustration. 
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Science-Based Learning Environments 

A fundamentally different type of simulation is offered by science-based 
learning environments. Such environments incorporate some general-purpose 
mathematical engine that either represents nature directly or that can be 
programmed to represent nature. Examples are "Mathematica" (7) and some 
similar programs (8-9) for general analytical modeling in the physical sciences 
and "Interactive Physics" for introductory classical mechanics (10). 
Mathematica and Interactive Physics can be applied to countless topics, as 
opposed to the narrow focus of Flash-based simulations. Even more importantly, 
Mathematica and Interactive Physics are open-ended in that the software may 
accommodate unscripted inquiries and follow-up questions. 

An equivalent example in the field of chemistry is molecular modeling that 
is based on the techniques of quantum chemistry. Several widely distributed 
programs are available (11-17), with "Spartan" (12) being the dominant program 
in organic chemistry teaching laboratories for undergraduates. Like all 
molecular modeling programs, Spartan is by design open-ended. Similar to 
Mathematica, the program is used in both research and education 

Another chemistry-specific learning environment is the dedicated teaching 
program "Odyssey" (18). Making use of an atomistic simulation engine similar 
to that found in other programs (19-32), Odyssey is primarily aimed at 
introductory and general chemistry courses. However, the software is also 
applicable to many areas of physical chemistry as basic thermodynamic 
properties as well as more advanced properties such as collision densities and 
free energies can be calculated and analyzed. 

Mathematica, Interactive Physics, Spartan, and Odyssey are all available 
with protocols and content (sometimes from third parties) for subject-specific 
topics. The learning objectives, however, go beyond those of specific content. 
Being very different from memorization aids, method-based learning 
environments have at least the potential to familiarize students with the process 
and the principles of science. It is precisely the use of a multi-purpose tool that 
makes students invoke the generic reasoning skills, both qualitatively and 
quantitatively, that are the hallmark of a scientifically literate mind. Sometimes 
there is value in using fewer applications for more purposes! 

To summarize, science-based learning environments use storyboarding of 
topics not as a means in itself; instead, they address the subject matter via the 
predictive power of an underlying general engine. As tools that generate "real" 
data and with the ability to handle unscripted queries, science-based software 
environments provide a 21 s t century version of the laboratory experience. 

Atomistic Simulations 

Making connections between macroscopic and molecular phenomena is the 
essence of learning chemistry. Atomistic simulations probably embody this 
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connection better than any other method. Matter is represented at a level where 
individual atoms are the smallest units, not electrons as in the case of quantum 
chemical modeling. Given the level of description, hundreds or even thousands 
of atoms can be handled with off-the-shelf computers and—most 
importantly—student-owned laptops. As a consequence, simulations of "real" 
molecules (such as 1-octanol or polyalanine) and "real" samples of bulk matter 
(such as liquid water or syngas) are feasible on a routine basis. 

Exploiting the principles of statistical mechanics, atomistic simulations 
allow for the calculation of macroscopically measurable properties from 
microscopic interactions. Structural quantities (such as intra- and intermolecular 
distances) as well as thermodynamic quantities (such as heat capacities) can be 
obtained. If the statistical sampling is carried out using the technique of 
molecular dynamics, then dynamic quantities (such as transport coefficients) can 
be calculated. Since electronic properties are beyond the scope of the method, 
the atomistic simulation approach is primarily applicable to the 
"thermodynamics" half of the standard physical chemistry curriculum. 

The recently introduced program Odyssey (18) makes atomistic simulations 
transparently available to students and instructors. At the core of the program is 
a molecular dynamics simulation engine that is versatile enough to handle a 
great variety of systems from almost all fields of chemistry. Chemistry content 
is directly embedded in the user interface. The presentation style is such that any 
given simulation is invoked as a teaching aid, rather than as a goal in itself. For 
this approach to work, it is essential that the user is completely shielded from 
technical setup issues. In fact, many other molecular dynamics programs are 
available (19-32), but there is none whose scope is as wide as that of Odyssey 
while avoiding all method-related jargon. 

A l l Odyssey simulations are carried out interactively, rather than through 
the batch-style job submission common in research software. Simulations can be 
initiated with samples from a large repository of pre-built systems or with 
samples that are built from scratch using an integrated model kit. In either case, 
the computer draws a fully three-dimensional, manipulable, and customizable 
picture. After starting the simulation (typically at room temperature), the picture 
gets periodically updated as molecular change occurs. The result is that students 
can literally see chemistry happen in front of their eyes. Like a giant 
microscope, Odyssey provides students with a window into the molecular world. 

The physical description of the simulated systems in Odyssey is via 
classical potential functions that have been developed for research applications. 
In many areas relevant to teaching, the description is at least qualitatively 
correct. This is all that is required from a pedagogical standpoint. Nevertheless, 
the models do fail on occasion, even qualitatively. Rather than being a 
drawback, this can well be considered a compelling illustration of the fact that 
eventually all scientific models have intrinsic limitations. As teachers of science 
(rather than of scientific facts), we should be conveying this to our students in 
any case: Going back to the laboratory is eventually the only way to find out! 
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Among the pedagogically most appealing features of Odyssey is the ability 
to influence simulations as they occur. Parameters such as the temperature, the 
available volume, and the system composition can be changed at any time—not 
because it was "all set-up" for a particular topic, but because of the fundamental 
power of the underlying method. Inquiry-based learning becomes possible on a 
much broader scale than in science media software. 

Odyssey makes use not only of live calculations of bulk matter samples, but 
also includes (in an archived form) quantum chemical models such as calculated 
atomic orbitals. As a consequence, coverage of select topics from many areas of 
the introductory chemistry curriculum is achieved. While the program has been 
adopted by several hundred institutions to date, systematic field studies 
regarding its pedagogical effectiveness have not yet been published. Anecdotal 
evidence indicates that the package is appreciated for its uniqueness as well as 
for the significant "cool-factor" with which it is perceived by students. Many 
instructors have also commented that they gained new insights themselves by 
working with the software inside as well as outside the classroom. 

Physical Chemistry Applications 

The following examples involve Odyssey simulations of a few minutes 
duration each that are carried out under active control of the student with full 
three-dimensional visualization of all molecular motion. 

As an example of the usefulness of molecular visualization, Figure 1 shows 
a 128-molecule sample of ordinary hexagonal ice. The molecules are drawn in 
the "Space Filling" model style, commonly known to provide a reasonable 
representation of the effective size of most molecules. Figure la shows the ideal 
lattice structure (T = O K) . It can be seen that the structure is exceptionally 
open, with "channels" that permeate the entire lattice. Essentially, the picture 
provides a hands-on molecular illustration of the uniqueness of water (the 
density of the solid is so low that it actually floats on the liquid). 

Does thermal motion make a difference for this aspect of the structure of 
ice? Figure lb shows a snapshot from a simulation at finite temperature, prior to 
melting. While the perfect molecular alignments of the ideal lattice have been 
lost, the picture still shows discernible "channels": molecules in solids do move, 
but this motion does not affect the overall symmetry. 

The next few examples relate to the kinetic theory approach of physical 
chemistry. Figures 2 and 3 show the kinetic energy distribution for a room 
temperature sample of 80 carbon monoxide molecules (P -10 atm). The 
obtained data lend themselves to making a few important points about the 
interpretation of histograms. Histograms are just a special type of plot, and 
Odyssey can be set up to calculate and display simultaneously as many plots as 
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Figure 1. Molecular structure of hexagonal ice. Ideal lattice structure (a) vs. 
structure in the presence of thermal excitations prior to melting (b). 
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desired. In this case, the same histogram has been calculated three times, but 
with different bin widths. For a "reasonable" bin width (Figure 2), we find a 
behavior that is compatible with the prediction from basic kinetic theory and a 
corresponding illustration in a textbook: 

u u-r*. c 1 / 2 -E/kT 
probability ~ E e 

For an excessively small bin width (Figure 3a), we still confirm the 
expected behavior, but now the distribution also shows some spurious peaks. 
For a very large bin width (Figure 3b), a more dramatic change can be seen: the 
distribution now looks qualitatively different, as the initial peak has been 
completely lost—the simulated data seem to contradict the expectation from 
analytical theory! 

The observed behavior is of course easily rationalized, but students still 
need to learn that scientific data cannot be analyzed without critical judgment. 
While this message is conveyed by any good laboratory, it is ignored by science 
media-type software that is focused on making the student memorize equations 
and facts. 

Continuing with kinetic-molecular theory, Figure 4 shows two 
simultaneously calculated histograms for a sample of syngas that contains 50 
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Figure 2. Kinetic energy distribution of an 80 molecule sample of CO (g) at 
25 °C and -10 atm, calculated with the teaching program Odyssey. 
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Figure 3. Kinetic energy distribution calculated with Odyssey for a sample of 
carbon monoxide. The bin width of the histogram is either smaller (a) or larger 

(b) than that in Figure I. 
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Figure 4. Speed distribution (a) and kinetic energy distribution (b) as calculated 
with Odyssey for a gas mixture at ~1,500K and -250 atm that contains 50 

molecules of CO and 50 molecules of H2. 
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molecules each of carbon monoxide and hydrogen (7-1500 K , P -250 atm). It 
can be seen that only the Maxwell-Boltzmann distribution of speeds (a), but not 
the distribution of kinetic energies (b) is bimodal. While textbooks will 
generally not apply kinetic theory to gas mixtures, this is a straightforward 
extension of the simulation approach that illustrates the equipartitioning of 
energy from a somewhat different angle. In short, the ability of open-ended 
simulations to go further—sometimes perceived as a threat to a tight teaching 
schedule—offers an excellent opportunity to apply the concepts learned. 

Figure 5 shows the total energy as a function of temperature for a sample of 
liquid water (N = 80), studied in two separate Odyssey experiments. Both plots 
were recorded by changing the temperature of one sample of water, but the 
length of the individual simulations at each temperature is longer in the first 
experiment (a) than in the second experiment (b). The goal of the experiments is 
to determine the heat capacity at constant volume which can be extracted from 
the slope of the two curves. (Although linear regression lines are calculated, 
Odyssey does not communicate slopes and intersects and thus forces students to 
actively go through the corresponding cognitive steps.) 

The implicit error bars for the two experiments differ due to the different 
lengths of the simulations. Interestingly, there is not only the issue of sufficient 
sampling. If the waiting time between measurements is not long enough, 
hysteresis from the previous data point (i.e., the previous temperature) also 
contributes to a less accurate measurement. 

Results from a series of Odyssey simulations of non-ideal gases are shown 
in Figure 6. The compression factor PVInRT is plotted as a function of the 
pressure for two systems. The first system is a mixture of hydrogen and helium 
(T-120 K ; 90 and 10 molecules, respectively) as it might be encountered in the 
atmosphere of Jupiter. The second system is pure gaseous ammonia (7-298 K ; 
50 molecules). 

The simulations suggest that negative deviations from ideality 
(corresponding to attractive interactions) are possible for ammonia, but not for a 
sample of gas consisting mostly of hydrogen. This is in fact what is observed 
experimentally. Atomistic simulations are by no means guaranteed to reproduce 
experimental data as well as in this case. Conceptually, however, such 
simulations tend to be akin to real experiments even when they "fail." 

Conclusions 

Applicable to topics from the thermodynamics part of the standard 
curriculum, atomistic simulations allow students to learn physical chemistry 
with the aid of a laboratory-like tool. The fact that such simulations are not 
sanitized so as to remove the inherent ambiguity and complexity of real 
experiments is a major advantage, rather than disadvantage. From a pedagogical 
standpoint, imperfect data are not a nuisance, but in fact desirable. 
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Figure 5. Energy as a function of temperature of a 80 molecule sample of liquid 
water. The runs underlying each datapoint are longer in (a) than in (b). 
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PV/nRT vs. Pressure 
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Figure 6. Non-ideal gas behavior of a mixture of hydrogen and helium 
(T -120K; 90 and 10 molecules, respectively) and a 50 molecule sample of 

ammonia (T -298 K), both simulated with Odyssey. 

Compelling visualization is a defining characteristic of modern software. 
The three-dimensional models of atomistic simulations in particular are very 
effective in nurturing an intuitive sense for molecular systems. Operating an 
apparently "intelligent," interactive, and very visual piece of software also offers 
students a steady stream of motivational experiences—a benefit appreciated by 
any instructor. 

Interestingly, atomistic simulations are among the very few software 
applications that actually make use of the astounding resource that is available, 
without any extra investment, to any student or instructor with a computer. 
Technology has advanced to the point that now even the most inexpensive 
hardware runs at Gigahertz speeds. While this enormous computational power is 
irrelevant for many browser plug-ins and other applications used in teaching, it 
is crucial for the kind of simulations described here. (Video gaming is the other 
main application to exploit available resources.) 

Lastly, the ability to model systems from the "real" world of chemistry 
means that atomistic simulations are a perfect complement to the abstract 
models (harmonic oscillator, hydrogen atom, ideal gas, etc.) that are the 
traditional focus of physical chemistry textbooks. Students are left with a more 
realistic idea, and greater appreciation, of science. 
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Chapter 13 

Introduction of a Computational Laboratory 
into the Physical Chemistry Curriculum 

Roseanne J. Sension 

Departments of Chemistry and Physics, University of Michigan, 
Ann Arbor, MI 48109-1055 

Computational methods are of increasing importance in the 
chemical sciences. This paper describes a computational 
chemistry laboratory course that has been developed and 
implemented at the University of Michigan as part of the core 
physical chemistry curriculum. This laboratory course 
introduces students to the principle methods of computational 
chemistry and uses these methods to explore and visualize 
simple chemical problems. 

Computational methods have long been important within the physical 
chemistry community. However, a quick survey of the literature in any of the 
major chemistry journals will highlight the impact that computational methods 
are now having in all areas of modern chemistry, from organic synthesis, to 
biochemistry, to the development of materials, in addition to the traditional areas 
of physical chemistry. A recent search of American Chemical Society (ACS) 
Journals for articles published over a four year period returned over 10,000 
articles using molecular dynamics simulations. Approximately 40% of the articles 
were published in the Journal of Physical Chemistry A or B. The other citations 
were scattered throughout the remaining journals published by the ACS. 
Computational methods have become ubiquitous in large part because they 
enhance the microscopic, atomistic, and dynamic understanding of molecular 
systems. Scientists are able to develop a level of insight and intuition not easily 
obtained from experiments or equations alone. 
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The power of computational methods to enhance student understanding of 
chemical phenomena is, i f not ignored, severely underutilized. Future scientists in 
all areas of chemistry will be expected to appreciate and evaluate the results of 
simulations and other calculations presented in lectures, seminars, and research 
articles. Many of them will be required to use sophisticated computational 
methods in the course of their own research. Today's students should learn how 
to evaluate the validity of computationally generated results and to make sound 
choices between the different methods available to address a given problem. 
Computational methods are not well integrated into most of the undergraduate 
curriculum, although implementation in the physical chemistry curriculum has 
been reported (1-5). The approach outlined here builds on many of these earlier 
ideas while emphasizing collaboration and exploration. 

Outline of the Course 

The Computational Chemistry laboratory course developed at the University 
of Michigan is designed to educate students in computational methods within the 
context of the undergraduate physical chemistry curriculum. The course is a one-
credit course required of all chemistry majors, accompanying two semester long 
lecture courses in Physical Chemistry and a three-credit hour Physical/Analytical 
laboratory course. The material developed in this laboratory introduces chemistry 
majors to methods in modern computational chemistry and molecular modeling, 
and uses these methods to draw connections between the equations presented in 
lecture, results obtained in physical measurements, and "real" chemical 
phenomena. Students come out of the course with an appreciation for the 
methods of modern molecular modeling and an improved insight and intuition for 
chemical phenomena. The cornerstone of this curriculum is a series of hands-on 
laboratories. The students learn by doing in a collaborative, exploratory 
environment. Thus the laboratory units are intended to meet two separate but 
complementary goals. 

1. Each laboratory unit introduces and develops the fundamentals of one of 
the important computational methods commonly used in modern 
chemical research. This includes an appreciation for the pitfalls that may 
arise in any calculation and the ways to avoid these problems. 

2. Each laboratory is designed to help students investigate, visualize and 
explore a chemical problem, developing an insight and intuition not 
easily developed from equations alone. 

The prerequisites for the course include two years of chemistry, including 
organic, analytical, and an introductory inorganic chemistry course, one year of 
calculus-based physics, three terms of calculus, and introduction to differential 
equations usually taken concurrently. Most students take the computational 
laboratory concurrent with the physical chemistry lecture course covering 
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quantum chemistry and molecular spectroscopy. The course does not require or 
presume any prior programming experience or any prior experience with 
computational chemistry software. 

The credit load for the computational chemistry laboratory course requires 
that the average student should be able to complete almost all of the work 
required for the course within the time constraint of one four-hour laboratory 
period per week. This constraint limits the material covered in the course. Four 
principal computational methods have been identified as being of primary 
importance in the practice of chemistry and thus in the education of chemistry 
students: (1) Monte Carlo Methods, (2) Molecular Mechanics Methods, (3) 
Molecular Dynamics Simulations, and (4) Quantum Chemical Calculations. 
Clearly, other important topics could be added when time permits. These four 
methods are developed as separate units, in each case beginning with the 
fundamental principles including simple programming and visualization, and 
building to the sophisticated application of the technique to a chemical problem. 

Each unit is introduced by a sixty to ninety-minute lecture providing an 
overview of the method, some necessary background information not otherwise 
covered in the curriculum, and an outline of the goals of the experiments and 
exercises. Thus the total lecture time over the course of the semester is four or 
five hours. The course is designed to facilitate hands-on exploration and active 
learning as much as possible. In this context the course cannot and does not 
provide comprehensive coverage of computational chemistry. 

One Example: Molecular Dynamics Calculations 

The molecular dynamics unit provides a good example with which to 
outline the basic approach. One of the most powerful applications of modern 
computational methods arises from their usefulness in visualizing dynamic 
molecular processes. Small molecules, solutions, and, more importantly, 
macromolecules are not static entities. A protein crystal structure or a model of 
a D N A helix actually provides relatively little information and insight into 
function as function is an intrinsically dynamic property. In this unit students 
are led through the basics of a molecular dynamics calculation, the 
implementation of methods integrating Newton's equations, the visualization of 
atomic motion controlled by potential energy functions or molecular force fields 
and onto the modeling and visualization of more complex systems. 

A Simple One-Dimensional Trajectory 

A very simple implementation of a molecular dynamics trajectory 
calculation is achieved by using a velocity Verlet algorithm to calculate the 
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motion of a diatomic vibrator (6). In this method, given an initial position, x(0), 
and initial velocity, v(0) , the trajectories are calculated iteratively from: 

x(t + St) = x(t) + a • v(t)+!<5t2- a(t) 

v(t+St) = v ( t ) + i St • (a(t) + a(t + St)) 

The acceleration a(t) is calculated from force fitXA, f(x,t) as: 

m m 

dV 
dx Jx(t) 

For an harmonic oscillator the potential energy function, V(x) is: 

V(x) = i - k x 2 

and the acceleration is: 

a(t) = - k x / / / 

where \i is the reduced mass of the diatomic and k is the bond's force constant. 
The harmonic oscillator trajectory calculation is easily programmed in a 

manner transparent to most chemistry students - including those with little or no 
programming background. Although many different mathematical packages 
could be used, we have opted to use the MathCAD package. Given molecular 
parameters (equilibrium position r e in A , force constant k in N/m, reduced mass 
\x in ng/molecule), program parameters (timestep 8t in fs and number of steps 
N T O T ) , and initial conditions (velocity, vel, in A/fs, and initial position x in A ) a 
simple eight line program M D l is used to calculate the trajectory. The 
MathCAD worksheet programming this calculation is included on the next page, 
to illustrate how this code is programmed in the MathCAD environment. The 
program M D l will output a matrix with two columns containing the 
displacement from equilibrium and the velocity respectively at each time step in 
the simulation. The program is sufficiently transparent for students to modify it 
to calculate trajectories for the more physically realistic Morse oscillator 
potential for the same diatomic molecule: 

V(x) = De[l-e-*] 

This modification requires calculating the derivative of the Morse Oscillator 
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Harmonic Oscillator Simulation: 

In order to make the example concrete rather than abstract lets consider the vibration 
of a diatomic Iodine molecule. First define the parameters of diatomic iodine: the 
equilibrium separation in Angstroms = 1f>10 m, the force constant, k, in N m- 1, and 
the reduced mass in ng. 

r e := 2.67 

N A - 6.0221367-10 

k := 171 

.23 

mi := 126.904 m 2 := 126.904 

mi-1112 10 

8t:= 2 

MD 1 r= 

m l + M2 

N T O T := 400 x t= 2.3935 

ro <- x - r e 

VQ <- vel 

-k-ro I N - 1 8 
a< 10 

for i E l . . N T O T 

1 2 
rj <- r|_i + 8t-vj_i + —«8t -a 

1 1 -k-ri _ 1 8 

vi<- VJ_I +--8t-a + — 6t- 10 
2 2 |i 

a * - ± ^ - 1 0 - 1 8 

continue 

MD <- augment(r,v) 

MD 

vel 0 

Note that the 10-18 in the definition of acceleration is a unit conversion. The force 
constant k is in units of N nrr1, with 1 N = 1 kg m/s 2, therefore, k is in units of kg/s 2 

This is converted to ng/fs2: 
1 kg = 103 g = ng = 10 1 2 ng 

1 s = 10 1 5 fs 
Thus kg/s 2 = 10 1 2 ng/10 3 0 fs 2 = 10' 1 8 ngfis2. 

The following line calculates the trajectory. 

Trajectory := MD_1 

Figure 1. Mathcad worksheet calculating the harmonic oscillator trajectory with 
parameters appropriate for the iodine molecule. 
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potential, putting the derivative into the calculation of the acceleration, and 
making the necessary changes to get the units right. 

The initial exploration in this unit requires the students to compare the 
trajectories calculated for several different energies for both Morse oscillator and 
harmonic oscillator approximations of a specific diatomic molecule. Each pair of 
students is given parameters for a different molecule. The students explore the 
influence of initial conditions and of the parameters of the potential on the 
vibrational motion. The differences are visualized in several ways. The velocity 
and position as a function of time are plotted in Figure 2 for an energy 
approximately 50% of the Morse Oscillator dissociation energy. The potential, 
kinetic and total energy as a function of time are plotted for the same parameters 
in Figure 3. 

The trajectories plotted in Figure 2 highlight the differences between the two 
potential energy functions and provide insight into the nature of harmonic and 
anharmonic motions at the inner and outer turning points. In particular the 
difference in time spent at the inner and outer turning points for the anharmonic 
potential correlates with the "sawtooth" periodicity in the velocity. Plots of the 
kinetic, potential, and total energy also provide insight into the distinctions 
between harmonic and anharmonic motion and the implications of the potential 
energy function (Figure 3). 

Although the 2-d plots contain a great deal of information, the most useful 
visualization tool for most students is the animation or movie. The students 
prepare animations of the harmonic and anharmonic motion for direct 

Figure 2. Internuclear separation (top panel) and velocity (bottom panel) as a 
function of time for a Morse (dashed line) and harmonic (solid line) oscillator 
having the same total energy, ca. 50% of the dissociation energy of the Morse 

potential Note the rapid change in velocity at the inner turning point and slow 
change in velocity at the outer turning point for an anharmonic oscillator. 

This reflects the slope of the potential in each case. 
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0 100 200 300 400 500 600 700 800 
Time (fs) 

Figure 3. Potential energy (solid line), kinetic energy (dashed line), and total 
energy (dot-dashed line), for an anharmonic (top panel) and harmonic (bottom 

panel) oscillator with the same ground state vibrational frequency. The 
parameters are the same as in Figure 1. 

comparison with the 2-d plots in Figure 2. These animations may be prepared for 
the potential by plotting the bond length as a function of time, or by plotting the 
positions of the two atoms as a function of time. Snapshots for these animations 
are illustrated in Figure 4. Comparison of the motion - slow at the outer turning 
point and rapid at the inner turning point - builds insight into the interpretation of 
graphs such as those plotted in Figures 2 and 3, and into the implications of 
changes in slope and curvature of potential energy functions. 

In addition such plots provide a good chance to explore the influence of the 
details of the calculation, such as the time step, on the ability of the algorithm to 
produce reliable results. One of the goals of the course is to provide students with 
an awareness of and watchfulness for the signs of computational failure. One 
example of failure is plotted in Figure 5. Variation of the time step leads to a 
situation where the total energy of the oscillator changes as a function of time - a 
clearly non-physical result. As the iterative solution to Newton's equations 
proceeds the system gains energy and eventually dissociates 

Extension to Many Dimensions 

Simple one-dimensional trajectories are important tools for developing an 
understanding of the strengths and weaknesses of molecular dynamics methods. 
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Figure 4. Still shots from movies of the motion of an anharmonic oscillator with 
a total energy approximately 50% of the dissociation energy. The system starts 
at the inner turning point and travels to the outer turning point. The students 

make animations of these plots to compare the observed motion with the 
calculations plotted in Figures 2. 

„5 I I I I I I I i I 
0 1000 2000 3000 4000 

Time (fs) 

I i i i i i i i a 

Time (fs) 

Figure 5. Calculation for an anharmonic Morse oscillator, as in Fig. 3 with a 
larger time step. This causes the system to gain total energy and eventually 

dissociate. This is one example of a failed simulation. 
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Extension to many dimensions provides insight into more sophisticated aspects 
of the method and into the nature of molecular interactions. In the second stage 
of this unit, the students perform molecular dynamics simulations of 3-D van der 
Waals clusters of 125 atoms (or molecules). The interactions between atoms are 
modeled using the Lennard-Jones potentials with tabulated parameters. Only 
pairwise interactions are included in the force field. This potential is physically 
realistic and permits straightforward programming in the Mathcad environment. 
The entire program is approximately 50 lines of code, with about half simply 
setting the initial parameters. Thus the method of calculation is transparent to 
the student. 

The output of the calculation is analyzed by making movies of the cluster 
dynamics, calculating radial distribution functions and velocity-velocity 
autocorrelation functions and by investigating specific trajectory paths 
describing the motion of individual atoms in the system. The pairwise radial 
distribution function, g(r), is a useful way to describe the structure of a system. 
The radial distribution function is defined such that g(r)dr is the probability that 
a particle will be found at a distance between r and r+dr from another particle. 
This distribution function provides a measure of both short-range and long-range 
order. The function g(r) is calculated by dividing the distance range into bins and 
counting the number of atoms falling within each bin for all atoms. The program 
dist is used to calculate g(r). In this program N B I N is the number of bins, N S T A R T is 
the time step at which to begin calculating the radial distribution function. The 
calculation should use only time steps after the initial equilibration is complete. 
NFINISH is the last time step to include in the average. Normally this will be the 
last step of the simulation, but a smaller range may be used (e.g. to keep the 
calculation from taking far too long). N A T O M is the number of atoms included in 
the simulation, and P E R B I N is the size of each bin and x, y, and z are matrices 
containing the coordinates of each atom at each time point. 

dist:= \<r- 1.. N BIN 

for n 6 N S T A R T . . N F I N I S f j 

i e I N A T O M - 1 

for j e i . . N A T O M 

i(Xn,i Xn,j) + ( yn,i y n,j ) + (Zn,i Zn,j) 

floor! — 
V PER_BI 

A k + 1 if k < N B , N 

continue 

continue 

A 
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The output of this program is a vector containing the number of atom-atom 
distances falling within each bin. 

The velocity autocorrelation function, C(t), is given by: 

describing the normalized projection of the velocity at time t on the velocity at 
time zero averaged over all of the particles in the system. This function is 
calculated in MathCAD as an average over v(0)v(t) using a range of different 
time points as t=0. (6) 

The calculations of g(r) and C(t) are performed for a variety of temperatures 
ranging from the very low temperatures where the atoms oscillate around the 
ground state minimum to temperatures where the average energy is above the 
dissociation limit and the cluster fragments. In the course of these calculations 
the students explore both the distinctions between solid-like and liquid-like 
behavior. Typical radial distribution functions and velocity autocorrelation 
functions are plotted in Figure 6 for a van der Waals cluster at two different 
temperatures. Evaluation of the structure in the radial distribution functions 
allows for discussion of the transition from solid-like to liquid-like behavior. The 
velocity autocorrelation function leads to insight into diffusion processes and into 
atomic motion in different systems as a function of temperature. 

In the course of these investigations the students also prepare movies of the 
cluster evolution to better visualize the dynamics represented by the one-
dimensional velocity autocorrelation and the radial distribution function plots. 
One interesting feature apparent in simulations carried with an average energy 
well above the dissociation energy is the phenomenon of evaporative cooling, 
where partitioning of some of the energy into the escape of a few atoms leaves 
behind a bound, discernibly "cooler" cluster. In some simulations the hot cluster 
fragments into a few smaller clusters with substantially lower internal 
temperatures. These observations all help to enhance student intuition. 

Another useful tool is the comparison of trajectories for individual particles 
in the cluster. The trajectories of a dozen atoms are compared in the plot below 
for the same two simulations producing the correlation functions plotted in 
Figure 7. These plots and others like them allow the student to visualize the 
distinction between atoms on the surface and atoms buried in the interior of the 
cluster as a function of temperature. 

Extension to More Sophisticated Applications 

The first two stages in each unit guide the students through the fundamentals 
of the computational method and through the application to a 
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Figure 6. Radial distribution Junction (top panel) and normalized velocity 
autocorrelation function (bottom panel) at temperatures equivalent to 20% of 
the Lennard-Jones well depth(solid lines) and equivalent to 75% of the well 

depth (dashed lines). 

Figure 7. Trajectories for 12 atoms in the MD simulations of motion in van 
der Waals clusters at two different temperatures, with average energies 

significantly below (left) , or approaching (right) the dissociation energy (DE). 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



231 

transparent but moderately complex system. In the final stage, the students use a 
sophisticated computational program to answer a self-contained research 
question. In the context of the quantum chemistry unit, students have been 
asked to determine the likelihood of excited state tautomerization (proton 
transfer) for one of a variety of organic compounds. This is an exploration based 
on a question originally posed by Moog for use in the Physical Chemistry 
Curriculum (7). Gentisic Acid and its tautomer provide an example of such a 
tautomer pair. 

In the final exploration of the quantum chemistry unit students use a 
computational chemistry package (eg. Spartan, Gaussian, CaChe, etc.) to 
calculate the ground state energies, molecular orbitals, and in some cases the 
excited state energies, of two proton transfer tautomers. Calculations are 
performed at several different levels of theory, and use both semi-empirical and 
ab initio methods. Several different basis sets are compared in the ab initio 
calculations. The students use the results of these calculations to estimate the 
likelihood of excited state proton transfer. The calculations require C P U time 
ranging from a couple of minutes to a couple of hours on the PCs available to 
the students in the laboratory. 

These systems provide a useful example because the calculations often 
work, but occasionally fail, either by distortion from planarity or by failure to 
locate a stable minimum for one of the tautomers. Thus, the students learn to 
consider their results critically with a healthy dose of skepticism, to analyze the 
success or failure of the calculation, to consider the influence of the choice of 
method (semi-empirical or ab initio), to consider the influence of the choice of 
basis set, and to determine the answer to the research question posed. 

One of the tautomer energy minimization calculations yielded the structure 
shown above in Figure 9. In this case the geometry optimization did not find a 
stable minimum at the desired configuration and the proton was transferred back 
to the original oxygen. Interestingly in the initial offering of the course, several 
students performing calculations on a compound suffering from this failure 
commented that the orbitals and energies were the same for both tautomers, but 
never noticed that the structures were also the same. One student commented 
that an O-H bond length of 1.866A seemed long, but did not realize that the 

Figure 8. Two tautomers of Gentisic Acid Tl is the ground state stable isomer. 
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Figure 9. Failed geometry optimization of a proton transfer tautomer. 
Black = Oxygen, Dark Grey = Nitrogen, Light Grey = Carbon, 

White with outline = Hydrogen. 

proton had transferred. In subsequent offerings of the course it was emphasized 
that calculations can fail, and the students improved markedly in critical thinking 
and analysis of the results. 

Student Evaluation 

Student grades in this course are based on written and oral reports. Each 
student presents two oral reports and turns in two written reports. Students are 
encouraged to work in groups and talk about the problems and solutions. The 
requirement that students present their results orally and individually provides 
each student with the incentive to understand the material. Student 
understanding is also evaluated through a two-hour final exam. The exam takes 
examples from the recent literature and requires students to interpret the results 
shown in the paper and provide a critique highlighting positive and/or negative 
aspects of the way that a computational method was applied to answer a 
chemical question. 

Summary and Conclusions 

Incorporation of computational methods wil l be a critical feature of the 
undergraduate education of future chemistry students. Computational methods 
have become ubiquitous in large part because they enhance the dynamic 
understanding of molecular systems. Scientists are able to develop a level of 
insight and intuition not easily obtained from experiments or equations alone. It 
is vitally important that students understand the fundamental methods, learn to 
think critically about specific approximations and methods employed, and 
develop the ability and incentive to evaluate carefully the results obtained from 
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any given calculation. The computational chemistry laboratory course at 
Michigan teaches students to think about computational methods through a 
hands-on approach with laboratory units that advance through three stages: 

• The first stage begins with simple programs that illustrate the basic 
principles of the computational method under discussion. The student is 
then directed to use the method and modify the program to answer a 
slightly different, slightly more sophisticated, question. This should not 
be an exercise in programming, but should require the student to 
understand the mechanics of the method enough to extend the program. 

• In the second stage the student uses the computational method in a 
transparent form to explore a more sophisticated chemical question. 
Because this is a course in computational methods - not computer 
programming, these programs are supplied, but are not black boxes. 
The students have the code before them as they use the programs. The 
chemical or physical problem posed in this stage should lead the student 
to a more complete understanding of some chemical phenomenon. 

• The third stage involves the use of a sophisticated commercial 
molecular modeling package to explore a more complex chemical 
problem in a laboratory setting. The problem posed in this stage should 
also lead the student to increased chemical and physical insight. 

Thus the course meets the complementary goals of increasing student 
awareness and understanding of methods in computational chemistry and of 
helping students to investigate, visualize and explore a chemical problem, 
developing an insight and intuition not easily developed from equations alone. 
This enhances the students understanding and appreciation of the material 
developed in the traditional Physical Chemistry lecture courses. 
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Chapter 14 

The Effects of Physical Chemistry Curriculum 
Reform on the American Chemical Society DivCHED 

Physical Chemistry Examinations 

Richard W. Schwenz 

School of Chemistry, Earth Science, and Physics, University of Northern 
Colorado, Greeley, CO 80639 

The physical chemistry curriculum reform efforts of the last 
two decades have succeeded in encouraging some revisions in 
the material in the lecture and in new or modernized exercises 
for use in the laboratory. More slowly, the mainstream 
standardized multiple choice examination has also kept pace 
with the curricular revisions. The content areas represented on 
the examination have changed with each successive revision 
of the examination, as have the types of questions asked. The 
content areas on the examination have become more 
representative of modern physical chemistry practice, while 
the items themselves have become more conceptually based. 

Physical Chemistry Reform 

Physical chemistry, as a separate subdiscipline of chemistry, grew out of the 
application of the methods of physics to chemical problems. Historically, it 
distinguished itself from the other subdisciplines of chemistry by its use of 
mathematics, by the precision with which measurements are performed, and by 
the emphasis on atomic and molecular processes under examination (1). At the 
same time as the discipline was developing, a reform of the teaching of 
chemistry was needed as a discussion of the systematic behavior of reactions 
was desired to prepare students to deal with the new ways in which material was 
being discussed. 
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By the late 20 century, continued calls for the revision of the physical 
chemistry curriculum were being heard (2-8). These calls were for a significant 
modernization of both the lecture and laboratory curriculum involving an 
inclusion of modern research topics into the lecture and the laboratory, the 
deletion or movement of selected material into other courses, and a reduction in 
the writing requirements for the laboratory. More specifically, the need for 
experiments and discussion relating to the incorporation of laser and computer 
technology has intensified with the spread of these devices into all the chemistry 
subdisciplines. The A C S published a selection of modernized experiments in an 
earlier volume (5). 

History of the Examinations Institute and Physical Chemistry 
Examinations 

The Division of Chemical Education of the American Chemical Society 
created the Examinations Committee (later Examinations Institute) in September 
1930 to develop standardized examinations in chemistry (P). Initially the 
Institute began by publishing examinations in general chemistry in 1934. By 
2005, the breadth of published materials included examinations for the high 
school and undergraduate levels in all the subdisciplines of chemistry, booklets 
concerning test development and administration, study materials for the general 
chemistry and organic chemistry examination, and small-scale laboratory 
assessment activities. (ACS Examinations carry secure copyright and as such 
are released for use rather than published when they are first completed. When 
an examination is retired - after two new versions of that examination are 
released - it reaches the point where it is considered published, with the Institute 
as the copyright holder.) For physical chemistry, currently available 
examinations include a set of examinations issued during the years 1995-6, and 
another issued during 1999-2001. A new set of examinations should be 
completed in 2006. The earlier comprehensive examinations discussed here 
were issued 1946, 1955, 1964, 1969, 1975, and 1988. Subject area examinations 
are not discussed here, but are often prepared along with the comprehensive 
examination. 

The physical chemistry examination sets have included three subject area 
examinations in thermodynamics, dynamics, and quantum mechanics. These 
examinations would be most useful at institutions on the quarter system where 
they could be used as final examinations in the respective courses. The final 
examination in the set is a comprehensive examination covering all three areas 
of physical chemistry. This comprehensive examination is designed to be used 
at the conclusion of the year-long course in physical chemistry. In practice 
however, its most common use is probably as an entrance examination for 
graduate students. This use raises the question of what material should be on the 
comprehensive examination because of the nature of its use. Is the 
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comprehensive examination for prospective physical chemistry graduate 
students? Or all future chemistry graduate students? Or exactly whom? Each of 
these groups has a different set of content expectations, thus a different set of 
curricular goals, and a different set of assessment materials is appropriate. 
Unfortunately, one examination cannot easily address all these issues so that 
some compromises are necessary. The discussion here addresses only the 
comprehensive examination, rather than the complete set of examinations. 

Why Multiple Choice Examinations? 

The use of multiple choice examinations has a long history for the 
measurement of student achievement, particularly when large groups of students 
are being administered a common instrument for large scale assessment efforts. 
There are both advantages and disadvantages in developing this type of 
instrument. One of the largest advantages lies in the scoring system which is 
used and in the relatively low cost of scoring. In older instruments, the scoring 
was often done by hand or on relatively simple computers. Under these 
conditions it became imperative that there exist a single correct response to each 
question. This assumption drove the types of questions that could be asked, but 
also drove the simplicity of the grading system because each item could be 
scored on a binary basis as either correct or incorrect. Little training is required 
to score questions and there is little subjectivity as to whether a response is 
correct or incorrect after an item has been developed and validated. Under ideal 
conditions, the item responses are all independent of each other and the score on 
the test can be arrived at from the responses on the individual items. Some 
research has been done on optimizing the number of responses for any particular 
item, with three to four responses suggested as optimal (10, 11). A typical 
multiple choice examination should include a variety of question difficulties and 
types in order to validate that the examination scores are meaningful measures 
of the student abilities on the tested material, and that the tested material is 
congruent with both the objectives of the test and the curriculum. More recent 
suggestions have been made that include giving partial credit for responding 
with particular incorrect responses, developing linked questions, a wider variety 
of distractors, and scoring which requires multiple responses to be indicated. 

One major perceived disadvantage of multiple choice testing is that only 
lower order thinking skills are examined. The considerable discussion on this 
topic has been summarized (12). The general opinion is that this disadvantage is 
a function of the test writers and their items rather than of the test format. A 
perceived disadvantage is the assumption of a binary scoring system for each 
item (i.e., no partial credit). This perceived disadvantage is also an advantage 
because of the lack of subjectivity in the awarding of partial credit, which results 
in a greater uniformity in scoring. A final relative advantage of the multiple 
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choice format is the larger number of items for students to respond to relative to 
a constructed response (written out answers) format. 

These advantages and disadvantages should be compared with those of a 
constructed response examination administered to large numbers of students. In 
such an examination relatively few questions are asked and each is scored on an 
individual scale, by an individual reader. Consistency in scoring is a major 
objective of the scoring process across different people scoring the same 
response. Typically rubrics must be developed which define what determines 
the assigned point score for a given response. Considerable training for a group 
of evaluators is involved in achieving a consistency is scoring across 
examinations. This training often involves considerable expense. The 
Advanced Placement examination in chemistry (13) uses a combination of 
multiple choice and constructed response items in order to address some of these 
issues in an examination for high school students at the college general 
chemistry level. Multiple choice and constructed response scores have been 
shown to measure slightly different quantities in several situations (14, 15). 

For these reasons, the Examinations Institute has chosen to continue with 
the development of sets of examinations in the multiple choice format for a large 
scale testing program available to a large number of institutions at a reasonable 
price per examination. The Examinations Institute can consider other means of 
testing in the future as those means become cost effective. 

Types of Multiple Choice Items 

Multiple choice examinations are composed of items in a multiple choice 
format, in which the stem is the part of the question before the multiple choice 
options. These formats are characterized by the examinee (student) selecting the 
best response from a set of options. Within this set of parameters, items can be 
formed in a number of distinct manners. The two forms, which are thought of as 
the conventional forms, called "complete the sentence" and "give the correct 
response" do just that. In the first, the stem asks the question in the form of an 
incomplete sentence and the responses then complete the sentence, for example, 
". . . The properties which must be measured are" for the stem and "pressure 
and . . ." for a response. The second form might ask "What is the original 
temperature T, in K ? " for the stem and a series of numerical values for the 
responses. These types of questions are commonly used on standardized 
examinations in a number of fields including chemistry. Most questions on the 
physical chemistry examinations are in one of these two forms. 

Both true-false and extended matching types are considered to be multiple 
choice formats. When combined with options for "both are true" or "neither are 
true" they are useful forms of items in some fields. These formats rarely occur 
on the physical chemistry examination. Another form which is rarely used asks 
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students to fill columns in a matrix format in order to identify which of the sets 
of crosses of the row and column may be true. 

Now that the examination is prepared for publication using desktop 
publishing software rather than a typewriter, there has been a growth in 
presentation capabilities so as to allow other forms of questions, such as 
conventional multiple choice with accompanying graphical material or 
accompanying tabular material. These two options have expanded the types of 
questions in an item writer's repertoire considerably. These forms allow the 
item writer to make the examinee correctly interpret data and/or conceptual 
information. Another recent form asks the examinee to arrive at an answer from 
a set of statements. As a simple example, the question might ask "to determine 
the molar mass of a non-ideal gas, which properties must be measured? I. 
pressure, II. temperature, III. volume, IV. mass." The responses could be a.) I 
and IV, and so on. Questions such as these are starting to appear with greater 
frequency on the physical chemistry examinations. One similar type of question 
asks to pick the most correct set from a series of choices. For example, "What is 
the sign of AS for the system, the surroundings and the universe for a 
spontaneous process?", with responses given by combinations of positive and 
negative signs. A final form is actually two questions linked together. In the 
first question, the examinee is asked to predict something, and then the second 
question asks why the response to the first question is picked. Such questions 
have been field tested in physical chemistry, usually without much success. 

Each form of multiple choice item presented is of value to item writers in 
some field, some are especially valuable for writers in chemistry. The possible 
forms are expanding as writers' creativity grows and as the modes of 
presentation improve. Still there are a set of suggestions for writing better 
items, stated in Haladyna (16) which follow. 

General Item-Writing Guidelines (Reproduced with permission from 
reference 16. Copyright 2004 Lawrence Erlbaum Associates.) 

Content Guidelines 

1. Every item should reflect specific content and a single specific cognitive 
process, as called for in the test specifications. 

2. Base each item on important content to learn; avoid trivial content. 
3. Use novel material to measure understanding and the application of 

knowledge and skills. 
4. Keep the content of an item independent from content of other items on the 

test. 
5. Avoid overly specific or overly general items. 
6. Avoid opinion-based items. 
7. Avoid trick items. 
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Style and Format Concerns 

8. Format items vertically instead of horizontally. 
9. Edit items for clarity. 
10. Edit items for correct grammar, punctuation, capitalization, and spelling. 
11. Simplify vocabulary so that reading comprehension does not interfere with 

testing the content intended. 
12. Minimize reading time. Avoid excessive verbiage. 
13. Proofread each item. 

Writing the Stem 

14. Make directions as clear as possible. 
15. Make the stem as brief as possible. 
16. Place the main idea of the item in the stem, not in the choices. 
17. Avoid irrelevant information. 
18. Avoid negative words in the stem. 

Writing Options (Responses) 

19. Develop as many effective options as you can, but two or three may be 
sufficient. 

20. Vary the location of the right answer according to the number of options. 
Assign the position of the right answer randomly. 

21. Place options in logical or numerical order. 
22. Keep options independent; choices should not be overlapping. 
23. Keep the options homogenous in content and grammatical structure. 
24. Keep the length of the options about the same. 
25. None of the above should be used sparingly. 
26. Avoid using all of the above. 
27. Avoid negative words such as not or except. 
28. Avoid options that give clues to the right answers. 
29. Make distractors plausible. 
30. Use typical errors of students when you write distractors. 
31. Use humor i f it is compatible with the teacher; avoid humor in a high-stakes 

test. 

Process of Writing the Examination 

The process for writing a set of examinations is initiated by the director of 
the Examinations Institute by their choice of a chair for the development of the 
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suite of examinations in physical chemistry. Following selection of a chair, the 
chair forms a 10-15 person committee to share in the work of examination 
development. Members of the committee are selected to balance geography, 
type and size of institution, interests within physical chemistry, and whether 
they have served on previous committees. On a side note, it is becoming 
increasingly difficult to find committee members with interests in 
thermodynamics. There are term limits for the number of times an individual 
can serve on the committee; at present that limit is two terms of service. In 
addition, within the committee as a whole it is necessary to have some members 
who are outstanding proofreaders, some who understand the typography of 
chemistry writing, and some who are in touch with how students think. The 
development of the full suite of examinations for physical chemistry takes three 
to five years, so participation in the committee entails a long term commitment 
with work organized in clusters of time, often around the time of an A C S 
national meeting. 

Following selection and approval of the committee members by the 
Examinations Institute director, the committee begins work on the lengthy 
process of writing the examination. Typically, the physical chemistry 
committee meets at the site of each A C S national meeting until work on the 
examination is completed. Some of the other examination committees may meet 
at the Biennial Conference on Chemical Education or the ChemEd conference. 
At the first committee meeting, the committee wil l typically discuss and make 
decisions on several items. The first of these items is which examinations wil l 
result at the end of the process. Previous committees have opted to write only a 
comprehensive examination, or a suite of examinations in thermodynamics, 
dynamics, and quantum mechanics. A second question is how many questions 
are needed for each examination, and if the multiple choice format is used, how 
many responses will be used for each question. For example, the committee 
writing the 2000 set of examinations chose 40 questions with four responses, 
while the committee for the 2006 set chose 50 questions with four responses. 
This decision becomes important because it defines the number of questions that 
need to be written. 

Another item relating to the test is how the committee chooses to work. 
One alternative is to function as a committee of the whole with everyone 
working on all parts of the examination. A second alternative would be to 
divide into subcommittees responsible for individual topics. Finally, a number 
of questions about the question structure need to be answered. One of these 
involves the use of calculators in taking the examination. The Examinations 
Institute tries to keep two sets of examinations current so that a committee needs 
to be aware that an individual examination will likely still be in use of 10 years 
after its initial issuance. This results in the committee trying to look into the 
future regarding calculator capabilities, particularly regarding storage and 
communication capabilities. Lastly, a list of topic areas to be covered is 
developed for each examination. Among the problematic areas are the 
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placement of statistical mechanics, the inclusion of electrochemistry and phase 
diagrams, lasers, and modern computational methods. 

Each committee meeting will result in homework for the committee 
members of writing, editing, proofreading, and selection of questions. For 
example, producing the 50 question examinations resulted from winnowing 
down over 200 initially drafted questions in each subject area. The most recent 
committee started work on the dynamics examination first. The process of 
culling the 200 initial questions to the approximately 100 questions involved 
question selection, and editing spread over four day-long efforts by the 
committee. These 100 questions are then formed into two field tests to give to 
students volunteered by their professors for this purpose. While the field tests 
were in the hands of students, the effort of editing and question selection 
continued on the thermodynamics and quantum mechanics questions. One of 
the areas everyone can help is in the field testing process. Having your students 
take the field tests improves the statistics used later, and gives additional people 
an opportunity to look over the field tests for proofreading and content 
importance purposes. 

After a considerable number of students at different institutions have taken 
the field tests, student response rates for each question are collected and 
distributed to the committee (77). This data, along with the committee's 
judgment on subject area distribution, is used to set the final published 
examinations. This part of the process results in about another 50 questions 
remaining unselected because they do not discriminate well between poor and 
good students, or they overlap significantly in content with other chosen 
questions. Recent committees have tried to choose questions for the finalized 
examinations so that the average score would be about 50 %. Doing so gives the 
best results in separating all ability levels of students from each other (18), and 
has the additional effect of reducing the number of complaints about the 
difficulty of the examination that occurred occasionally with some earlier 
examinations. Lastly, the committee proofreads the final form of the 
examination and examines the norming data. 

Question Change with Time 

Figure 1 presents data on the number of questions on the physical chemistry 
comprehensive examination associated with the three subject areas shown as a 
function of the year of examination publication. Clearly, the relative number of 
items on thermodynamics, dynamics, and quantum mechanics has changed with 
time. In order to divide the examination into these three categories, we include 
statistical mechanics items with thermodynamics, although never more than a 
few statistical mechanics items have appeared on any individual examination. 
In addition, we included items related to transport of species within the 
dynamics portion. This plot gives evidence that the examination content does 
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change with time, albeit slowly. The change has been in the direction towards 
the areas emphasized by modern physical chemistry research. In looking at the 
examination items, it is also evident that there has been a change in emphasis 
within each of the areas. Within thermodynamics for example, the number of 
electrochemistry items has dramatically decreased over the last 30 years with 
thermodynamics items becoming focused on applications of the fundamental 
thermodynamic concepts. The dynamics section has included few items related 
to transport issues. Those few transport related items now focus on gas phase 
items including potential energy surfaces rather than on ion transport in solution 
as previously. The quantum mechanics items have moved from items about the 
postulates of quantum mechanics and analytical solutions of problems to where 
they examine spectroscopic application, and a recent move to include items on 
quantum mechanical methods in structure calculation. 
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Figure 1. The change of content questions with examination year. 
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Figure 2. The change in type of question with examination year. 
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Figure 2 displays information about the types of items on the examinations 
as a function of time. For this analysis, a conceptual question is one which 
addresses a fundamental idea without requiring computation beyond that easily 
done on the examinee's scratch paper, and not simply the restating of facts or 
definitions. (19) Oftentimes, these questions probe student understanding of 
various representations of macroscopic, symbolic, and microscopic chemical 
information. (20) For example, a question requiring the student to interpret a 
graph could be a conceptual question. A n example non-graphical conceptual 
question is "At very low concentrations of water in water/ethanol solutions, the 
Henry's law constant directly relates a) the osmotic pressure of the solution to 
the concentration of ethanol, b) the equilibrium partial vapor pressure of water 
to the concentration of water, c) the freezing point depression of the ethanol to 
the concentration of water, d) the equilibrium partial vapor pressure of ethanol 
to the concentration of ethanol." A computational question requires the 
numerical manipulation of a set of numbers to arrive at the correct response. 
The recall question might ask the student to select an appropriate response from 
a list of items based on their recall of their class notes or textbook reading. A n 
example recall question might ask, "When a transformation occurs at a constant 
volume and temperature, the maximum work which can appear in the 
surroundings is equal to a) -A/4, b) - A G , c) - A / / , d) - A S " . Such a classification 
scheme is not exact because different raters will classify different items into 
different categories, but it should display trends over time. It is remarkably 
clear that the percentage of computational items has decreased over time, while 
the percentage of conceptual items has increased over time, especially with the 
2006 examinations. Two suggestions for an explanation for this trend are 
apparent when the classification is performed. First, the computational items 
have tended to arise more in the general area of thermodynamics. The 
decreasing emphasis in thermodynamics with time shown in Figure 1 will 
directly reduce the number of computational questions. A second effect, 
especially on the 2006 examination, has been the recognition of calculator 
capabilities by the committee. A decision was made for the 2006 examination to 
take calculators out of the hands of the examinees. This decision will make any 
computational items different, and should reduce their number, thereby 
increasing the proportion of conceptual items. This observation may be 
illustrative of a growing trend to emphasize conceptual questions over 
computational and recall questions in both general and organic chemistry. 

Figure 3 presents the data on the changing norms for the examinations over 
time for the various comprehensive examinations. Data for the 2006 examination 
is unavailable as the examination is currently in the norm data collection stage. 
The data is presented as the percent score required to achieve the 35th, 50th, 65th, 
and 80th percentile score. A percentile score is that required to achieve better 
than that number of students in a sample of 100 students. Thus a score in the 
35th percentile implies that the particular score places the student with a higher 
score than 34 students in a 100 student sample, and a lower score than 65 
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Figure 3. Percentages requiredfor a percentile score as a function of 
examination year. 

students. Figure 3 clearly shows that the percentages required to achieve the 
same percentile ranking vary with the year the examination became available. 
Several points require discussion (27). First, when a score of 25% or lower is 
achieved, the examiners worry because no deduction is taken for the number of 
questions answered incorrectly (since 1973), so a score of 25% should be the 
score achieved if the student randomly guesses. The 1964 examination was 
probably too difficult for the students as the 35th percentile score was at, or 
below, that for random guessing. Second, the data is used to separate the scores 
for students with different ability levels. Ideally, the bars in Figure 3 would be 
of much different height for a given examination, resulting from a greater 
separation of the higher ability students from those of lower ability and greater 
discrimination between these students. 

Upcoming Projects 

The physical chemistry community has made several suggestions to the 
Examinations Institute, as has the community of chemical educators. Following 
on the success of the study guides to help students prepare for the general and 
organic chemistry exams, a committee has been formed to develop plans for a 
study guide for the physical chemistry examinations. As of the writing of this 
manuscript, the study guide is in draft form, with completion targeted for late 
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spring of2006. This study guide consists of about 20 chapters with commentary 
on questions representative of questions for earlier examinations. 

Another request from the community of users is for an examination or 
examinations that could be given at the end of each semester for colleges on the 
semester system. The committee writing the 2006 set of examinations has 
responded by writing an examination with a greater number of questions 
organized into sections. The scoring and norming of the examination will be by 
section so that professors can select topics for their students to take and then 
receive norming data for a standardized examination somewhat customized to 
the material taught in their classroom. 

The norming data for all the physical chemistry examinations is now 
available online at the Examinations Institute web site (22). In addition to the 
norms themselves, it is now possible to enter student response data following 
taking the examination for comparison with pre-existing data for other schools. 
Professors will be able to quickly determine how well their students perform 
relative to their peers at other institutions. 

As operations of many types become more developed in an online 
environment, it would not be unexpected i f the format of the examination 
develops so the examinations could be delivered in an online mode. Using 
present day technology, it would be relatively straightforward, though time 
consuming, to adapt the examination to a commercial classroom management 
system having the capability of multiple choice testing. The difficulty would 
mostly lie in the complex typography of the items on the examinations and the 
requirement that security be maintained. Such an online adaptation of the 
examinations may occur over the next several years. The next big step in the 
development of how testing occurs will likely be the development of computer 
adaptive testing environments in which the order of the questions, and even 
which questions are presented to the students, is a result of the particular correct 
and incorrect responses a student has given during an earlier portion of the test 
administration (25). The potential advantages of computer adaptive testing 
include the speed of testing because students are exposed to fewer questions, 
and the speed with which results are received. 

Lastly, in recognition of the growing importance of nanoscale science as an 
interdisciplinary field with contributions from all the areas of chemistry, and 
other disciplines the Examinations Institute has begun the process of writing 
questions developed around nanoscale science concepts, experiments, and 
methods. We expect that these questions will be additional items which 
instructors can choose to incorporate into their examinations i f those materials 
are discussed in their courses. These questions are still under development with 
the committee preparing for publication in 2007. 

In conclusion, we have seen that changes have occurred, and will continue 
to occur, in the format, organization, and content of the physical chemistry 
examination over time. The multiple choice examination format provides a 
number of advantages and disadvantages for use in multi-institution testing 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



249 

environments. We expect that modifications will continue to occur in the way 
the examinations are administered on a longer time scale. We look forward to 
seeing and experiencing these changes. 
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Chapter 15 

Walking the Tightrope: Teaching the Timeless 
Fundamentals in the Context of Modern Physical 

Chemistry 

Michelle M . Francl 

Department of Chemistry, Bryn Mawr College, 101 North Merion Avenue, 
Bryn Mawr, PA 19010 

There is a tension in the physical chemistry curriculum 
between the expanding scope of modern physical chemistry 
and the timeless fundamentals. Can the curriculum be updated 
to include modern examples without compromising the 
basics? A new set of materials for teaching introductory 
physical chemistry has been developed to address this 
dichotomy. The materials draw from recent primary research 
literature to illustrate key principles in multidisciplinary 
contexts. For example, the kinetics of first-order reactions, 
illustrated in many current texts by a paper from 1921 
reporting the rate of decomposition of gaseous N 2 0 5 , can be 
covered instead by following the racemization of amino acids 
- used in the last decade to date archeological samples. 
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The Challenge 

"The contributions to knowledge in the domain of physical chemistry 
have increased with such rapidity within recent years that the 
prospective author of a general textbook finds himself confronted with 
the vexing problem of what to omit rather than what to include." (7) 

In 1913 - more than a decade before Schrodinger's groundbreaking work 
on the wave equation - physical chemistry textbook authors were already 
lamenting the difficulties engendered by a rapidly changing field. Nearly a 
century later, the scope of physical chemistry continues to expand, and 
instructors and authors alike struggle with what to include and what to omit in a 
one-year required physical chemistry course. Faculty walk a tightrope between 
covering the timeless fundamentals and exploring the frontiers of research. 

Farrington Daniels, who built a strong foundation for physical chemistry 
instruction with his seminal textbooks, sets out the challenge clearly in his 1931 
preface to Outlines of Theoretical Chemistry: 

"To introduce recent advances without offending old friends who cherish 
the foundations of a successful past; to keep pace with present tendencies 
toward the mathematical viewpoint without driving away students who 
are inadequately prepared; and to sift out the permanent from the trivial 
are the privileges and responsibilities [of the author]." (2) 

The tension is clearly perennial. One approach to resolving this tension, at least 
for many textbook authors, has been the encyclopedic approach, in which 
modern material is wrapped around the old friends from the successful past. 
The decisions about what to include in a particular course can then be left to 
individual instructors. In this chapter I propose an alternative solution to the 
dilemma, in which recent advances provide the context within which the 
timeless fundamentals are developed, rather than becoming additional material 
through which both instructor and student must navigate. 

The Current Framework 

Good research and development demands a knowledge and appreciation of 
the current state of the field, and pedagogical R & D is no different in this respect. 
The framework for producing new materials I propose here grows directly from 
the goals I set out for my physical chemistry course and is conscious of the 
constraints inherent in the environment in which I teach. 
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Goals of a First Course in Physical Chemistry 

What broad goals should a first, rigorous course in physical chemistry 
accomplish? 

1. To be able to use quantitative, mathematical approaches in the description 
and analysis of the structure and behavior of matter. 

2. To be able to appreciate the strength and limitations of the methods. 
3. To be able to apply these methods to other fields, including fields outside of 

chemistry. 
4. To take - and succeed in - a subsequent course in physical chemistry or 

related subfield. 
5. To be able to read the primary physical chemistry literature as a novice. 
6. To retain student interest in physical chemistry. 

Most physical chemistry instructors probably keep a nearly identical list in 
the back of their minds. While we may differ slightly in how we rank the 
various goals, and what weight we give to each, these are the implicit criteria we 
apply in deciding what materials and pedagogical strategies to use. 

Constraints on the System 

We tell students, particularly in thermodynamics, that they need to be 
attentive to the conditions under which particular equations are valid. It is 
equally critical for instructors to consider the conditions in which we are 
operating! The key structural pieces of most physical chemistry courses are the 
text, the problems we assign, and the time instructors and students have to 
grapple with the reading and working of problems. 

Current physical chemistry texts can easily have more than a thousand pages 
of text and may have as many as 2000 problems to choose from. The selection 
of problems, not surprisingly given the goals we have for the course, tends to 
emphasize quantitative results over reflective or critical thinking. Students are 
not routinely asked to consider and comment on the significance of the value they 
have just calculated, nor to judge how reliable the value might be. Current 
research often has walk-on role, particularly in the core chapters. It appears in 
the margins, introductions to chapters, sections on further reading, advanced 
topics chapters or sections and in the problems. In problems, a reference to the 
primary literature may be given, but the problem can (and will!) be done without 
ever reading the paper. These comments are not meant to chide current texts or 
authors, students would be unable to lift any books trying to meet all these needs 
simultaneously, but to encourage instructors and authors alike to think about the 
balance between these factors in any given course or text. 
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There is also not nearly as much time as you think. As part of the course 
evaluation process, my institution asks students to estimate the number of hours 
per week they devote to a course. My physical chemistry students over the last 
decade (some 200 students) report spending, on average, 10 to 15 hours per 
week on the lecture part of the course, including class time. So, over the course 
of a 14-week semester, I can claim roughly 150 to 200 hours of their time. We 
spend about 40 hours of that in class. What can I expect them to do in the 
remaining hours? Based on a reading speed of about 100 words per minute for 
technical material, I can ask them to read about 400 to 450 pages, total, for about 
2 hours per week. Assuming that students will need to read the material more 
than once for comprehension, they are probably not reading nearly as much as 
you imagine they are, or reading it as carefully as you hope! My own casual 
ethnographic observations have uncovered that it takes my students roughly 30 
minutes a problem (working solo or in a group). This translates to being able to 
assign 150 to 200 unique problems a semester. 

Adding more - readings or problems or topics - likely means that student 
effort will be more dilute and superficial. There is some evidence that covering 
more material, particularly in a fashion that intersperses enrichment material 
throughout the fundamental concepts, results in poorer retention of the 
fundamentals. (3) Increasing the information density may lead students to retain 
not only a smaller proportion of the total information presented, but less 
absolute information than i f a smaller amount of material had been covered in 
the term. Cover less, they may learn more! 

Awareness of these constraints suggests that we should avoid adding 
materials to an already information dense course, and instead focus on the 
fundamentals of the discipline. If we wish to bring in the current state of the 
field, it must be taught through the fundamentals - not as dessert, but as the 
main course. 

The Problem Begins with the Problems 

The problems are the ultimate deliverable in a physical chemistry course. If 
you can't do the problems, you can't do physical chemistry. Students know this, 
and focus on the problems, sometimes to the exclusion of reading the text. As a 
result, I suspect students' primary sense of what the field of physical chemistry 
comprises, and what it might be useful for, arises directly from the problems 
assigned. What message do students take home from the problems? While a 
thorough inventory of the problems available to physical chemistry instructors 
would be most instructive, the problems collected in Table I, culled from the 
chapters on chemical kinetics in a number of physical chemistry texts, illustrate 
the challenges facing the curriculum. 
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A l l the problems concern the decomposition of N 2 0 5 , and focus on the 
fundamentals associated with gas-phase first-order decomposition reactions: 
calculation of activation energies, pressures as a function of time. This 
particular example is incredibly ubiquitous. It appears in the problem section 
and/or the text of nearly every physical chemistry book I have looked in for the 
last 75 years, beginning with Getman & Daniels in 1931. (10) In many ways, 
the decomposition of N 2 0 5 is an excellent example to illustrate the basics of 
quantifying first-order kinetic processes. It is clear, clean and draws on real 
experimental data. But what does it tell students about physical chemistry? In 
most cases, nothing. Without the context of the literature reference, you could 
use any other molecule, existing or otherwise, or just call the molecule " A " and 
students would know as much about the chemistry as they know about N 2 Os and 
its significance. In the sporadic instances where the literature reference is given 
in the problem, students are unlikely to read the paper, and will process at most 
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the date. (77) I note that the research was done a decade before my parents were 
born! We might hope that students read this as "the example illustrates 
something so terribly fundamental we are still reading about it", but my small 
sample suggests they read it as "there was a date on it?" at best and "old-
fashioned and not 'hot' chemistry" at worst. The example continues to be useful 
in letting students see how the fiindamentals "work" and thus well satisfies the 
first of the broad goals stated above, but fails to move students toward fulfilling 
others. 

Do we really need to fix it? 

If it's not broke, don't fix it. As noted in the previous section, the 
decomposition of N 2 0 5 well illustrates a number of timeless foundational 
principles: 

• Simple kinetic motifs 
• Graphical analysis of data 
• Activation energies 
• Rate constants 
• Derive integrated rate equations 
• Solve rate equations 

What does it miss? Students working through this example will not understand 
the limitations of analyses based on simple reaction motifs. Nor will they see 
how these concepts can be applied to fields outside of physical chemistry. Many 
will not be able to develop or interpret other types of graphical analyses based 
on the equations. And finally, the problem itself is of little or no interest to 
them. 

Can we uncover simple, modern examples that emphasize the same 
fundamentals, but can catch the missing pieces as well? I would argue that a 
new example is called for, not additional examples, in order to keep the 
information density at a level that does not compromise student learning. 

Context-Rich Materials 

Context-rich materials (72) embed specific principles drawn from a 
curriculum into a web of related information. These materials open up for 
students the "who, what, when, where, and why?" of a concept. The best 
context-rich materials will offer concrete examples, feature connectivity 
between disciplines, introduce methodology, and acknowledge the impact 
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solving a problem can have in the broader world. Case studies are one example 
of context-rich materials that have been successfully used in the teaching of 
science, but context-rich materials need not be so broad in scope. 

There is good evidence that context-rich curricula can attract and retain a 
diverse group of students, engage students with a wide variety of learning styles, 
as well as improve student performance. (13-14) Gutwill-Wise compared 
introductory chemistry courses taught with a context-rich curriculum to those 
using a conventional pedagogy and text. (13) He found that students in the 
context-rich sections exhibited a stronger understanding of chemistry, compared 
to students in traditional sections, and that students emerging from the context-
rich track performed at least as well, and in some instances better, than their peers 
from the traditional track in a subsequent course in organic chemistry. An in-
depth and ongoing study of the computer science curriculum at Carnegie-Mellon 
University (CMU) (14) was prompted by the small number of women enrolling 
in computer science, as well as the poor retention rate for those who did. C M U 
reoriented its computer science program to provide a greater emphasis on the 
context of computing, its relationship to other fields and the overall contributions 
it can make to society - making it context-rich. From the beginning of CMU f s 
effort in 1995 to 2000, the proportion of women in the computer science program 
at the institution has increased from 8% to more than 40%. 

Context-rich materials and curricula clearly have the potential to make a 
strong impact on chemistry programs, and in particular physical chemistry. The 
French National Academy notes "physical chemistry underlies much of modern 
science and is a motor driving advances in a very wide range of fields. Building 
on information and concepts from chemistry, physics, mathematics, physical 
chemistry contributes to and is stimulated by areas as diverse as medicine, 
molecular biology, biochemistry, molecular engineering, chemical engineering, 
materials science and earth sciences." (15) Physical chemistry students need to 
be exposed to a richer set of materials to be well prepared to enter this 
environment. 

Table II gives examples of three problems, ranging from context-free to 
context-rich. A l l three cover the same fundamental concepts, but which one 
looks most appealing to students and would be most interesting to solve? The 
last certainly excites more curiosity (though savvy students recognize it might 
be more challenging to solve!). 

Strategies for Developing New Materials 
Faculty use a variety of materials in teaching physical chemistry, including 

textbooks, workbooks, and symbolic math workbooks. The best materials -
measured against the previously stated goals - are active, current, connected and 
easy to use. Resources that are active require students to engage and reflect on 
the material at hand. Current research should be emphasized. Materials should 
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Table II. Examples of Problems with Varying Levels of Context 
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demonstrate a clear connection to other fields, such as biology, materials science 
and medicine. Finally, faculty need approaches that can be easily implemented 
within the context of the traditional three times a week lecture course, and 
within various course sizes. 

New resources are beginning to appear which meet many of these criteria. 
The latest version of Berry, Rice and Ross (19) includes vignettes of key figures 
in the field that link to problems. Monk (20) grounds his physical chemistry text 
in perspectives drawn from many fields. The POGIL physical chemistry 
workbooks (21) demand full student engagement in the classroom. 
Alternatively, the collection of symbolic math documents at SymMath (22) 
offers an a la carte active approach. Metiu's series of physical chemistry books 
(23) combines the two approaches, embedding the symbolic math work in the 
text. Here I present another approach, using context-rich materials focused on 
current research and highlighting the connections to other fields to teach the 
fundamental concepts. 

Culture of Chemistry Materials 

The Culture of Chemistry materials (24) were designed to be context-rich as 
well as active, current, connected and easy to use. The materials are not meant to 
teach "library skills", nor are they intended to replace a textbook. They are 
keyed to fundamental concepts, not adding new topics, but teaching the basics 
with fresh and modern examples. Each piece stands alone and focuses on a 
paper from the primary literature. The first set of 6 field-tested modules is: 

1. Materials and Nanotechnology: Pulling Gold Nanowires (Angew. Chem. Int. 
Ed. 2003, 42, 2251-2253. "Towards 'Mechanochemistry': Mechanically 
Induced Isomerizations of Thiolate-Gold Clusters") 

2. Buckyballs: A Simple Quantum Mechanical Particle on a Sphere Model 
(Chem. Phys. Lett. 1993, 205, 200-206. "A particle-on-a-sphere model for 
C60 ") 

3. Thermodynamics of Proteins: Calculating the Entropy of a Helix-Coil 
Transition in a Small Antibacterial Peptide using Statistical Mechanics (J. 
Mol. Bio. 1999, 294, 785-794. "Thermodynamics of the a-Helix-Coil 
Transition of Amphipathic Peptides in a Membrane Environment: 
Implications for the Peptide-Membrane Binding Equilibrium") 

4. Raman Spectroscopy: Detecting forged medieval manuscripts (Anal. Chem. 
2002, 74, 3658-3661. "Analysis of Pigmentary Materials on the Vinland 
Map and Tartar Relation by Raman Microprobe Spectroscopy ") 

5. Exotic Kinetics: Oscillating Reactions in the Troposphere (J. Phys. Chem. A 
2001, 105, 11212-11219. "Steady State Instability and Oscillation in 
Simplified Models of Tropospheric Chemistry") 
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6. Archeometry: Using Amino Acid Racemization to Determine the Age of 
Artifacts (Science 1990, 248, 60-64. "Dating Pleistocene Archeological 
Sites by Protein Diagenesis in Ostrich Eggshell") 

Papers from the primary literature are selected carefully. Generally they are 
short. Reviews are avoided, though the articles need to be readable by a novice. 
The best papers are cross-disciplinary, in part because of my desire to emphasize 
the connection to other fields, but also because the interdisciplinary nature of the 
professional audience tends to promote clearer exposition and limits the use of 
jargon that can be confusing to the novice. 

The pieces include a variety of problems, ranging from basic concepts to 
critical thinking questions. Examples are given in Table III. The problems are 
the key to the materials. Students will focus on these, and establishing strong 
connections to the written material, particularly the article from the literature 
will make them effective in helping students meet the goals I establish for the 
course. Students need to read the paper to be able to do the problem! The 
problems are deliberately "wordy" and presuppose a college reading level. One 
goal is teach students how to extract the essence of a problem from a lengthy 
and/or narrative description of a problem. Chemistry in the real world is rarely 
pre-digested in the way that many chemistry problems are. In assigning 
problems for students to solve, instructors obviously need to consider the 
balance between drilling the base skills (where the text of the problems is "bare-
bones" and the focus of and approach to the problem is clear) and pushing 
students to do the initial work of reducing a problem to a clearer statement of 
what must be done to produce a solution. 

Marginalia enrich the pieces, making further connections to other fields, as 
well as explaining tangential concepts. Examples are given in Table IV. These 
sections are also meant to expose students to aspects of the history of chemistry 
and the biographies of chemists. Marginal materials also provide a multiplicity 
of entry points into the chemistry. Not every student will be excited by every 
area, but more students may see themselves connected to the field in this way. 

Assessment 

Faculty 

A total of 13 faculty completed anonymous web-based evaluations of the 
material. Most faculty in the group were tenured (9/13), one-third were at 
research universities, one-third at liberal arts colleges and the remainder at 
comprehensive universities. Undergraduate enrollments ranged from 1350 to 
over 40,000. Chemistry programs ranged in size from 2 majors to more than 70 
per year. 
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Table III. Examples of Problems from Culture of Chemistry Materials 

Materials were used both to close a topic, as well as capstone exercises for 
the term. Nearly all the instructors chose to use selected problems from each 
module, rather than assign all of the problems in each. One instructor chose to 
supplement the problems with less complex problems to lead into the exercise. 
A l l of the instructors devoted some lecture time to working with students on the 
exercises, the majority then asking students to complete them outside of class. 
Some faculty asked students to complete the exercise as groups. 

Overall faculty were pleased with the materials - all of them would use the 
materials again in their teaching. Two-thirds of the faculty felt that students 
found the modules challenging, while 80% noted that they engaged student 
interest. The strong connections to modern chemistry were appreciated by two-
thirds of the instructors. 

The major weaknesses identified were the difficulty of the problems, the 
need for additional background information for instructors (40%). Faculty 
(80%) felt that the additional reading sections for students could be eliminated. 

Students 

Nearly fifty students responded to the anonymous web-based survey. Most 
(about 80%) were juniors. The majority finds physical chemistry to be an 
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Table IV. Examples of Marginalia from Culture of Chemistry Materials 
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interesting, though stressful course. While they do believe that physical 
chemistry can provide insights into other fields, they generally do not see how to 
apply it outside the course. More than three-quarters of the respondents found 
the materials to be interesting, though almost half found them to be confusing. 
Almost 90% were pleased to be able to uncover the main idea of the journal 
articles and a majority found them readable (61%) and interesting (72%). They 
did find the problems to be challenging (85%). Fifty-two percent found the 
marginalia interesting, though interestingly, three-quarters of the interested 
students rated the marginalia as distracting. Just under half the students noted 
that the marginal materials increased their interest in the exercise. Eighty 
percent of the students felt the additional reading section could be eliminated as 
well. 

Conclusions: Looking to the Future 

It is possible to teach the timeless fundamentals of physical chemistry using 
modern examples. The key is developing new problems that draw students into, 
and force them to engage with, the real chemical world. A set of materials that 
teaches the fundamentals using modern examples has been developed that both 
students and faculty find to be interesting and challenging. The challenge now 
to the physical chemistry teaching and research community is to uncover more 
such examples and develop a variety of strategies for incorporating them into the 
physical chemistry curriculum. 
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Chapter 16 

The Process Oriented Guided Inquiry Learning 
Approach to Teaching Physical Chemistry 

J . N. Spencer and R. S. Moog 

Department of Chemistry, Franklin and Marshall College, 
Lancaster, PA 17604 

The pedagogic mainstays of the classrooms in which the authors were 
educated consisted of lectures, teacher demonstrations of how to use algorithms, 
student solutions to exercises at the board, and countless homework exercises. 
Many educators now accept that none of these techniques generally improve 
student learning or critical thinking skills substantially(1). Indeed, much of the 
education community now recognizes that listening to an instructor lecture is not 
an effective way for most students to learn. As Mazur (2) has pointed out, 
perhaps the survival of these techniques is due to even experienced teachers 
being misled as to whether students are learning or memorizing algorithms. A 
more effective learning environment is one in which the students can actively 
engage, an environment where there is something for students to do. Students 
tend to stay outside the learning process in a passive classroom or during a 
laboratory experience in which they follow a set of step-by-step instructions 
without any requirement for understanding what they are doing. There is no need 
for much concentration in a passive setting on the part of the student, nor is the 
student called upon for active engagement (3). A common finding in research on 
how we learn is that telling is not teaching; an idea cannot be transferred intact 
from the head of the instructor to the head of the student (4). It is necessary to 
know what is going on in the student's mind and therefore instructors need to put 
themselves in a position to be so informed. This new paradigm is put succinctly 
by Elmore (5): 

"Knowledge results only through active participation in its construction. 
Students teach each other and they teach the instructor by revealing their 
understanding of the subject." 

The Process Oriented Guided Inquiry Learning (POGIL) instructional 
approach adopts the constructivist view that students construct their own 
knowledge and that this construction is dependent upon what the student already 
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knows. At the same time, emphasis is placed on the development of important 
process skills, including higher order thinking skills. In the POGIL paradigm, 
instructors facilitate learning rather than serving as a source of information, and 
students work in small self-managed groups on materials specially designed for 
this approach. In general, these activities guide students to develop the important 
concepts of the course by using a learning cycle structure. The learning cycle (6) 
is an inquiry-oriented instructional strategy that consists of three general steps. 
First there is an exploration involving hands-on data, a model, or other 
information from which the student is guided to the second step, the construction 
or formation of the concept intended. The third step is an application of what has 
been learned. Thus, the premises of the POGIL philosophy are that students will 
learn better when they are actively engaged and thinking in class. They construct 
knowledge and draw conclusions themselves by analyzing data and discussing 
ideas. They learn how to work together to understand concepts and solve 
problems. More information is available from the POGIL website (7). 

A POGIL classroom activity begins with a model or information that is to be 
analyzed or understood. Critical thinking questions then guide students to 
develop and understand concepts by providing examples of the types of questions 
chemists would ask about the model or information. The learned concepts are 
then applied to other problems. 

The activities are generally written for a 50-minute class but in some cases 
less than a period is required and in others more than a period is needed. The 
activities have frequently been used in 80-minute classroom periods with no 
transition difficulties from one period to another (8). 

The implementation of POGIL principles in the classroom can be 
accomplished in a variety of ways. A typical implementation in general 
chemistry has been described previously (8). Additional details about POGIL and 
its implementation in the classroom and laboratory are available at the website 
(7) and from the POGIL Instructor's Guide (9). As an example, the approach 
used at Franklin and Marshall College for physical chemistry is briefly described 
here. 

Each class period begins when students enter the classroom and are assigned 
to groups. Generally there are 3-4 students per group; each student fulfills a role 
such as manager, recorder of group activities, presenter, or reflector. These 
roles, which rotate among the students at each class meeting, are defined and 
explained to the students at the beginning of the semester. The assigned manager 
picks up a folder that contains any communications the instructor wishes to give 
the students. The folder also contains a form for the recorder's notes, any 
quizzes to be returned, and a marked copy of the previous recorder's notes. If 
the instructor has not done so, the managers assign other group roles. The 
groups are then asked to answer a focus question for which they often have no 
firm chemical basis on which to respond. However, this process forces the 
students to make a prediction based on whatever they do already know. After a 
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brief (2-3 minute) instructor discussion designed to bring into context the day's 
activity, the groups begin work under the direction of the manager. The 
instructor moves from group to group listening to group discussions. If an 
intervention in the group work seems warranted, the instructor may provide some 
direction to the group. This intervention should not provide students with a 
direct answer to their questions but should allow the students to discover the 
concept for themselves. If common difficulties have been observed as the 
instructor moves about the classroom, these will be addressed later in the period. 
Another brief (2-3 minute) discussion of the original focus question is often 
given at the end of the class period, designed to show how the activity had 
enabled the students to formulate a more meaningful response to that question. 
Students then place the quiz (assigned the previous period and completed 
individually outside of class) and the recorder's notes, which contain an 
assessment of the group's work by the reflector, in the group folder and return 
the folder to the instructor. 

An example of a typical thermodynamics classroom activity is given at the 
end of this chapter. This activity is done about two-thirds of the way through the 
semester. Students have had similar activities on real and ideal gases, the first, 
second and third laws, Gibbs energy, and equilibrium. In these prior activities, 
the students are guided to develop the important concepts, with the accepted 
terms describing these ideas often being introduced after the concept has been 
developed. In the example here, the temperature and pressure dependence of 
phase equilibria for pure phases is explored. 

The activity begins with the previously mentioned focus questions, and then 
some information, in this case the definition of a phase. Next there is a 
representation (Model 1) of pure liquid water in equilibrium with its vapor. The 
students begin with the Critical Thinking Questions (CTQs), the concept 
construction step of the learning cycle. At the end of the activity there is a 
further table of data for calcite and aragonite followed by CTQ's. Exercises, 
designed to test the student's understanding, end the activity. The exercises are 
generally not done during the class period but are assigned as homework. This is 
the application step of the learning cycle. If a group finishes early and the 
instructor decides not to have the group proceed to the next activity, a 
particularly probing exercise may be assigned to the group. If several groups do 
not finish an activity in the allotted time, the instructor makes a decision as to 
whether the activity could be finished outside the class and, i f so, may make this 
assignment. Sometimes only minimal discussion is needed to bring closure to 
the activity and the instructor may choose to do this either by calling on groups 
who have finished or by guiding the students in a whole class discussion to the 
completion of the activity. 

POGIL Physical Chemistry activities are available from Houghton Mifflin 
for a two-semester course. The Thermodynamics activities (10) include Gases, 
Thermodynamics, Electrochemistry, Kinetics, and Mathematics for Thermo-
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dynamics. The Structure and Bonding activities (11) include Atomic and 
Molecular Energies, Electronic Structure of Atoms, Electronic Structure of 
Molecules, The Distribution of Energy States and Spectroscopy. As of this 
writing, activities for a full year of general chemistry (72, 13) and a full year of 
organic chemistry (14) have been published; materials for various other courses 
are currently under development. Up-to-date information can be obtained from 
the POGIL website (7). 

The POGIL approach to laboratory experiences follows this same guided-
inquiry framework. The goal of these experiments is to make connections 
between observations and chemical principles following a learning cycle 
paradigm. Data is collected and analyzed to support or refute a hypotheses 
developed by the students. Usually, this is obtained by having each student (or, 
more often, each group of students) perform different but related experiments, so 
that as a class a wide range of results is obtained from which a trend can be 
uncovered, or several hypotheses can be tested. The POGIL Project has 
developed guidelines for these types of experiments, and numerous examples for 
general chemistry and organic chemistry are available from the POGIL website 
(7). 

At Franklin and Marshall College, this approach has not been used as part of 
the physical chemistry laboratory component. Rather, the laboratory experience 
is thought of as an extended "application phase" for many of the concepts 
developed through the classroom activities. Still, most of the same guiding 
principles as those used in the classroom are followed — for example, the 
roughly twelve to fifteen students in a laboratory section are typically divided 
into about five groups, usually of two or three students. Each group (chosen 
independently of the classroom groups and kept together for the entire semester) 
is assigned a different project and given four laboratory periods (four hours, once 
per week) to develop an appropriate laboratory investigation with guidance 
provided by the instructor as needed. Each group member submits an individual 
laboratory report at the end of the development of the assigned study, and the 
group submits a shortened version of the procedure developed for the project so 
that other groups may repeat the experiment. 

Each group then rotates through all the experiments developed by the class. 
The course is on thermodynamics and kinetics so the assigned projects cover 
these topics. A typical set of projects is free energy relationships, activation 
energy for a reaction, calorimetry, determination of reaction order for a complex 
reaction, and determination of the thermodynamic parameters for a charge 
transfer reaction. 

For example, Group I might be given the project to determine by suitable 
means the enthalpy, entropy, and free energy change for a charge transfer 
reaction. Substantially what information the students would be given is that 
contained in the preceding sentence. The group then goes to the literature to 
determine the methodology, required instrumentation, and design of the project. 
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Table I. Laboratory Schedule 

Week 1 Check In and Mathematics for Physical Chemistry 

Group / // III IV V 
Week 2 CT K2 K l CI G C 
Week 3 CT K2 K l CI G C 
Week 4 CT K2 K l CI G C 
Week 5 CT K2 K l CI G C 
Week 6 G C K l CI CT K2 
Week 7 GC K l CI CT K2 
Week 8 K l CI GC K2 CT 
Week 9 K l CI GC K2 C T 
Week 10 CI CT K2 G C K l 
Week 11 CI CT K2 G C K l 
Week 12 K2 G C CT K l CI 
Week 13 K2 GC CT K l CI 

Key: K l - Oxidation of Alcohols 
K 2 - Iodination of a Ketone 
C l - Protonization of Imidazole 
C T - Charge Transfer 
G C - Free Energy Relationships 

The instructor provides guidance as the group determines the system to be 
investigated, the instrumentation that would be most useful, and perhaps some 
experimental design. The group then develops the experiment and provides 
instructions for the other groups that will be undertaking this investigation. 

After the completion of the four-week projects, each group cycles through all 
group projects with a two-week period to complete each investigation so that the 
entire set of experiments developed by all groups is completed. Laboratory 
reports on the two-week investigations may be individual or group. A schedule 
of a typical one-semester laboratory sequence is given in Table I. 

Students assigned to the charge transfer experiment must first find out what 
constitutes a charge transfer complex. Then they find examples of charge transfer 
studies from the literature. They usually quickly see that spectrophotometry is 
commonly used for such studies and that the temperature will need to be varied. 
The procedure chosen is to determine the equilibrium constant at more than one 
temperature and from these data, to calculate the thermodynamic parameters. 
Students generally have difficulty in selecting a system that has an equilibrium 
constant that is not too big or too small and to select a solvent. This means they 
need to do some calculations to determine if a reasonable quantity of product is 
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reasonable quantity of product is produced to allow measurement. Then the 
appropriate concentrations and the variation in these concentrations must be 
determined. 

By the end of the project, students have developed and carried out an 
experiment on the thermodynamics of a charge transfer reaction. They also have 
had the experience of writing guidelines that will permit other groups to carry out 
the same study. 
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ChemActivitv T13 

Temperature and Pressure Dependence of Phase 
Equilibria for Pure Phases 

Focus Question: Does the melting point of Ice increase, decrease, 
or remain constant when the pressure Is 
increased? 

Information 
A phase is a region of space in which the intensive properties vary continuously as a function of 

position. The intensive properties change abruptly across the boundary between phases. For 
equilibrium between phases, the chemical potential of any species is the same in all phases in which it 
exists. 

Model 1: Two Phases In Equilibrium. 

T,P const 

/ZH20(g) = 'lH20(0 

G H 2 0 ( g ) = GH 20(*) 

Critical Thinking Questions 
1. Why can the equilibrium condition for the pure phase equilibria of Model 1 be written as 

G H 2 0 ( g ) = G H 2 O ( 0 ? 

2. Show that dG = VdP - SdT for pure phases where the super bars refer to molar quantities. 
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Figure 1: Schematic Representation of G vs. P for H20(l) and 
H20(g) at 373 K 

p 
3. In Figure 1: 

a) Label the appropriate solid line "gas" and the appropriate solid line "liquid". Explain 
your reasoning. 

b) What is the pressure corresponding to the point where the two lines cross (indicated by 
the dashed line)? 

Exercises 

1. Use Figure 1 to explain why the boiling point of water is decreased at higher elevations. 

2. In Figure 1, the line representing the gas phase should not be straight, expecially over a 
significant pressure range. Why is this the case? Sketch a graph of G vs. P at constant T for a 
typical ideal gas which shows this curvature, and explain the shape. 

Table 1: Standard-State Entropies for H2O 

^(JK-Jmol-l) 
H 20(s) ??? 
H20(1) 109 
H20(g) 188 

T = 298 K for liquid and gas. P = 1 bar for all phases. 

Critical Thinking Questions 

4. For a gaseous phase, G(g) = //(g) - TS(g). Provide an equivalent expression for a liquid 
phase. 
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5. Consider a plot of G vs. T for liquid water. Assume that over the temperature interval 
considered, H and S, are essentially constant. 

a) Based onjpour response to CTQ 4, what should be the slope of the line representing the 
graph of Gvs. T ? 

b) Based on your response to CTQ 4, what should be the y-intercept (value of G when T= 
0) of the line? 

c) On the figure below, sketch a plot for G vs. T for liquid water at 1 bar, and then sketch a 
plot for G vs. Tfor gaseous water at 1 bar on the same figure. Label each of these lines 
clearly, including the phase and the pressure. 

Figure 2: G vs. T for H20(l) and H20(g) 

6. Consider the situation in which H20(l) and H^Qig) are in equilibrium at a particular T and P. 

a) What condition must G(l) and G(g) meet for the two phases to be at equilibrium? 

b) The two lines that you have drawn on Figure 2 should intersect̂  If they do not, think 
carefully about your answer to CTQ 6a and the dependence of G on T; then redraw the 
figure. 

What is the significance of the temperature at which the two lines cross? Explain. 

7. We are now interested in adding additional lines to Figure 2—a plot of G vs. T for water at 0.5 
bar. 

a) How is G for a gas_affected by changing the pressure at a given temperature? (Hint: 
Think about how dG and dP are related at a given T.) 

b) Based on your answer to CTQ 7a, in which phase is G most dramatically affected by 
changing the pressure? Explain. 
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d) The graph of G vs. T for liquid water at 0.5 bar is essentially identical to the graph for 
liquid water at 1 bar. Label the line in Figure 2 appropriately and explain this result. 

e) What is the significance of the point at which the two lines for P = 0.5 bar intersect? 

Information 

dG = VdP-~SdT (1) 

H 2 O W ^ H 2 0 ( g ) (2) 

Critical Thinking Questions 

8. Consider the situation in which reaction 2 is at equilibrium at some fixed particular T and P. 

a) What is the relationship between dG(t) and dG(g) at equilibrium? 

b) What relationship must exist for the temperatures and pressures of these two phases at 
equilibrium? 

9. Consider reaction 2 at equilibrium. 

a) Use equation 1 to provide an expression relating the volumes, pressures, entropies, and 
temperatures_of the two phases. Use symbols such as 
y (g)» S (i), 5(g). etc. to represent the molar quantities for each phase. 

b) Rearrange your answer to CTQ 9a to obtain 

dP 
dT 
dP =

 A r S vap 

A r V 

c) Consider the relationship between A r5 and Artf for two phases at equilibrium to show 
that 

d± - vL ( 4 ) 
dT — w 

TATV 

d) For the equilibrium H 2 0(£) H20(g) show that 

d In P AtJLp r -
dT - RfZ m 
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Table 2: Thermodynamic Parameters for the Two Common Forms of 
CaC03, Calcite and Aragonlte, at 298 K and 1 atm 

ArGfCtt/moH) A r// f°(kJ/moH) S° ( J K - W 1 ) V(mLmoH) 

Calcite -1128.8 -1206.9 92.9 36.90 

Aragonite -1127.8 -1207.1 88.7 33.93 

Critical Thinking Questions 

10. Consider the two common forms of CaC03 at 298 K and 1 atm. 

a) Which of the two forms of CaCC>3 has stronger forces holding the crystal together at this 
TandP? Explain your reasoning. 

b) Which of the two forms has the most widely spaced and less available energy levels? 
Explain. 

c) Which of the two common forms of CaCC>3 is more stable at this T and PI Explain your 
reasoning. 

Exercises 

3. Create a figure analogous to Figure 1 which includes plots for liquid and solid water at 273 K. 
Label each line carefully, and explain the significance of the temperature at which the two lines 
intersect. 

4. If a wire with weights attached to its ends is placed over a block of ice at its freezing point, the 
wire will "eat" through the ice. Explain this phenomenon. 

5. Integrate the relationship given in CTQ 9d and show how to determine the enthalpy of 
vaporization of a liquid experimentally. 

6. Consider the equilibrium between a pure solid and its vapor and show 

d\nP = Artf|ub 
dT RT2 

where Ar// S ub is the enthalpy of sublimation. 

7. How could the enthalpy of sublimation of a solid be determined experimentally? 

8. For the equilibrium between a solid and liquid show that 

dP A ^ 
dT = — 

T\V 
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9. Identify all symbols in Exercise 8. Also show that 

( P 2 - P 1 ) = 4 ^ s l n ^ 

10. The enthalpy of vaporization of water is 2255 Jgr1. Assume ArH%ap to be independent of 
temperature and pressure and calculate the vapor pressure of water at 80°C. 

11. The normal boiling point of benzene is 80.2°C. The vapor pressure at 25°C is 0.13 atm. Find 
the enthalpy of vaporization of benzene. 

12. The vapor pressure of n-r>entane is given by ln^bar = 8.630 - 2819.7 T _ 1 + 1.855 x 10"3 T. 
Derive an expression for Ar#vap as a function of temperature and find 
Ar#vap of n-pentane at its normal boiling point 36.1°C. 

13. Arflftjs of water is 6024 JmoH at 273 K. The densities of solid and liquid water are 0.915 and 
1.000 g mL-l , respectively. What is the freezing point of water under 100 bar pressure? 

14. Ar7̂ ap and Ar7/Fus of water are 44.8 KJmoH and 6024 JmoH, respectively at 0°C. The 
vapor pressure of H2OCO at 0°C is 4.58 torr. What is the vapor pressure of H20(s) at -15°C? 
State all assumptions. 

15. Roughly sketch a plot o fG vs. T for the two forms of CaC03. SketchG vs. Tforthetwo 
forms under very high pressure. At what temperature at 1 bar are aragonite and calcite in 
equilibrium? 

16. At 298 K what pressure is necessary to bring calcite and argonite into equilibrium? 
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Chapter 17 

Teaching Physical Chemistry: 
Let's Teach Kinetics First 

James M. LoBue and Brian P. Koehler 

Department of Chemistry, Georgia Southern University, 
Statesboro, GA 30460 

Arguments for the presentation of kinetic theory and chemical 
kinetics as the first topics taught in the initial physical 
chemistry course are presented. This presentation allows the 
first topic in physical chemistry to be mathematically more 
accessible, to be highly relevant to modern physical chemistry 
practice, and to provide an opportunity to make valuable 
conceptual connections to topics in quantum mechanics and 
thermodynamics. Preliminary results from a recent survey of 
physical chemistry teaching practice are presented and related 
to the primary discussion. It was found that few departments 
of chemistry have adopted this order of topical presentation. 

The Philosophy of Teaching 

We certainly must ask ourselves what we want our students to learn from a 
year of physical chemistry. There is far more material in any current textbook 
than one could hope to cover in any depth. Most would agree that quantum 
chemistry, thermodynamics, and dynamics must be covered. It is also true that 
statistical mechanics has increased in importance. Recently we conducted a 
survey of more than 400 A C S certified chemistry departments in order to 
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investigate trends in physical chemistry teaching (7). See Appendix 1 for a 
summary of results quoted in the text. Of 179 respondents, 122 list statistical 
mechanics as one of the main topics covered. Beyond the question of what 
should be taught, we have to ask ourselves what our students' perspective on the 
subject should be. Unfortunately, more often the following quote seems all too 
accurate. 

"Most teachers and students see physical chemistry as an immense 
body of accumulated knowledge rather than seeing it as avenues that 
can be taken as we try to make sense of a part of the physical 
world "(2) 

We submit that the following are important learning objectives to consider: 

Develop an appreciation for the breadth of the subject, 
Foster an understanding for the models most often used, and 

• Provide a fundamental understanding that enriches the student's general 
chemical knowledge. 

Improvements in the teaching of physical chemistry have included 
introduction of modern laboratory experiments (3), the use of writing 
assignments (4), and most notably implementation of Guided Inquiry (5). A 
possible re-ordering of topics in the physical chemistry curriculum is also an 
important reform contribution. Usually, the discussion about the order of topics 
involves the question of whether quantum chemistry or thermodynamics should 
be taught first. Moore and Schwenz (3) suggested that the teaching of quantum 
chemistry come first in order to introduce students, early on, to physical 
chemistry that better reflects current research in the field. In their 1992 paper, 
they also suggest that the course in the second semester begin with chemical 
kinetics rather than thermodynamics. In this paper we argue that under the right 
circumstances the first course in physical chemistry should begin with kinetic 
theory (including molecular collisions) followed by a presentation of chemical 
kinetics. 

Why We Do It This Way 

The Chemistry Department at Georgia Southern has been recognized as one 
of the top-25 producers of A C S certified majors in the US (r5). Further, it is the 
primary contributor to the population of minority bachelors degrees in the 
physical sciences at Georgia Southern, also with a top-25 US ranking (7). Our 
students come primarily from Georgia and comprise a comparable mixture of 
both rural and urban students with a significant African-American population. 
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For the overall health of our program it is critical for us to pay careful attention 
to the physical chemistry courses which have enrolled 25-30 chemistry majors 
each year for the past 3 years. The development of our curriculum has always 
aimed at addressing student learning needs while at the same time inspiring 
student achievement of high academic standards. 

The original motivation for teaching kinetics early in the physical chemistry 
sequence was, for us, to make sure that enough time was given to the subject to 
provide proper coverage. Also, because the mathematics is less intimidating, it 
was a way to give students an early positive experience with the course that is 
considered the most intimidating for the majority of chemistry majors. At the 
same time kinetics, immediately following a presentation of gas kinetic theory 
and elementary collision theory, provides for our students an intuitive picture of 
how chemical reactions take place. 

As a result of this choice of topical order, a number of additional 
advantages were discovered. If kinetics is developed first, students will very 
quickly encounter chemical reactions as they did in numerous chapters in their 
general chemistry course. Unlike either quantum chemistry or thermodynamics, 
chemical reactions are the focus of a study of chemical kinetics. Further, most 
students in a physical chemistry course have spent considerable time in organic 
chemistry studying reaction mechanisms. The goal of a unit on chemical kinetics 
is to study and test reaction mechanisms. If our students can learn early on that 
physical chemistry can indeed be comprehensible and relevant to the rest of the 
chemistry major, it may then be easier for them to believe that the more 
challenging topics are worth their effort. It is, however, significantly harder to 
make such a statement if the first physical chemistry topic treated is very 
challenging and at the same time apparently unconnected or irrelevant (from the 
students' perspective) to the students' previous experience in chemistry. 

Removing the Barriers to Learning 

An attempt to soften the mathematical demands in the beginning half of the 
first physical chemistry course is supported by recent work. Hahn and Polik (8) 
conclude that mathematical facility is an important factor in a student's success 
in physical chemistry. Further, Sobzbilir (2), in a study of factors affecting the 
achievement of students in physical chemistry, concludes that the abstract nature 
of the content and lack of a connection to the real world impedes learning. As 
we begin the study of kinetic theory, the most intimidating topic involves the 
Maxwell-Boltzmann (MB) speed distribution. Fortunately, the concept of a 
speed distribution is concrete and most likely has been encountered previously 
in a general chemistry course. Further, many of the derivations in chemical 
kinetics are short, use only first order, ordinary differential equations, and use 
calculus in a single dependent variable, thus minimizing the initial mathematical 
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burden on the student. The connection between kinetic theory and chemical 
kinetics drives home the notion that chemical reactivity depends directly on 
collision density and on temperature, providing a "first principles" intuitive 
perspective on rates of reaction. Connecting the tools and concepts of kinetic 
theory and kinetics to examples from organic chemistry and to biochemistry 
(through the study of simple enzyme kinetics) gives greater relevance to 
physical chemistry, further justifying it to our students. 

From our own experience teaching the subject we must also add the 
following observations. A student's lack of self confidence can severely limit 
their ability to succeed. In addition, the student's preconception of the course 
(influenced by previous physical chemistry students and sometimes even by 
their academic advisors) can provide the opportunity for a self-fulfilling 
prophecy that inhibits learning. The specific mathematical difficulties we 
encounter have to do with derivations. Students lack the experience to follow 
derivations and lose interest long before the final result is proven. This has more 
to do with an inability to do algebra than it does with a lack of background in 
calculus. One might surmise that a poor background in calculus very likely 
results from the lack of a facility with "College Algebra." In fact, it is probably 
this lack of ability (or facility) that is exhibited by a significant fraction of 
students in each physical chemistry class leading to their lack of confidence 
which in turn reinforces their preconceptions about the course. 

More Arguments 

The content of both quantum chemistry and thermodynamics as 
traditionally presented, although essential to the background of any chemistry 
major, lacks a strong connection to the content of courses previously taken. This 
is not to say that physical chemistry textbooks lack connections to a student's 
previous study of chemistry, but it is clear that the typical student has difficulty 
seeing those connections. 

In thermodynamics, much weight is given to the development of the laws of 
thermodynamics focusing on calculations of work and heat and presenting or 
deriving tools used to prove ultimately that AS is a state function and that the 
second law relates mostly to heat engines and refrigerators. The rest of the study 
of thermodynamics involves the development of tools devoted to the description 
and investigation of chemical and phase equilibrium. A brief interlude involving 
thermochemistry and calorimetry is the first connection back to general 
chemistry content (except for a brief review of the ideal gas law that appears at 
the beginning of many current textbooks). Chemical equilibrium, which is 
developed a chapter or two after thermochemistry, is the next topic previously 
seen in the general chemistry course. These topics are, however, incidental to, as 
described in most physical chemistry textbooks, the overarching goal of 
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constructing, through considerable derivation, the formal structure of 
thermodynamics. With chemical equilibrium disguised by thermodynamic 
formalism, the typical student has difficulty recognizing how it relates back to 
the equilibrium studied in general chemistry. Of course it is our intent to expand 
our students' knowledge beyond the chemistry learned in previous courses, but 
it is far easier to do so from the foundation of previous knowledge. It is the 
students' attitude that is important here. If our students get lost in the first topic 
presented, we might not find them again before the end of the course. 

The aim in quantum chemistry is, once again, the construction of a formal 
mathematical structure that is then applied to standard problems, e.g. the particle 
in a box, the rigid rotor, the harmonic oscillator, the hydrogen atom, etc. With 
each example, significantly more mathematics is introduced so that the typical 
student finds it quite difficult to identify any sense of commonality these 
problems have with one another. Of course this is the nature of the quantum 
chemistry segment of most physical chemistry courses as described by the most 
current textbooks. Admittedly, the particle in a box is a one dimensional 
problem, a second order differential equation, easily solved. Unfortunately, there 
are few practical chemical applications for this model, and certainly none that 
might be familiar to the typical student. Thus, the teacher must expend 
extraordinary effort to motivate students to learn this topic. The harmonic 
oscillator is covered next, and even though the Schrodinger equation appears to 
be simple, its solution lies outside of the scope of the course. The focus here is 
on a new set of eigenfunctions that require significant sophistication to 
understand. In order to keep the students' interest, the presentation of the two 
models (harmonic oscillator and particle in a box) must emphasize the 
commonality of these two topics—oscillatory behavior, even/odd symmetry, 
zero-point energy, orthogonality, etc. Even so, the student must practice 
considerable persistence to learn the important quantum chemical principles 
exemplified in these two problems. And so it goes with the next models 
presented. As with thermodynamics, the presentation of quantum chemistry 
focuses as much on the development of a mathematical structure as it does on 
the applications of the theory. We physical chemists revel in the beauty of this 
formal structure, but we must ask, how many of our students share our 
enthusiasm, and more importantly, how can we inspire their enthusiasm? 
Unfortunately, the development of formal mathematical structure is made to an 
audience, the majority of whom lack the skills and patience to appreciate those 
developments. 

Physical Chemistry at Georgia Southern 

At Georgia Southern we begin the year of physical chemistry with a review 
of basic, relevant physics concepts including kinetic energy, force, pressure, the 
ideal gas law, and the units that describe them. This leads into a rather standard 
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development of some of the kinetic theory formulas, especially the collision 
frequency and collision density. The algebraic derivation of these equations 
relies on concepts from general physics along with the simple hardsphere model. 
The primary "take-home" lesson for the student is that chemical reactions, in 
order for them to take place at all, require collisions. The development of all 
equations that relate to kinetic theory is taken largely from Laidler, Meiser, and 
Sanctuary (9) and from Alberty, Silbey, and Bawendi (70). We have greatly 
expanded on the textbook presentations, making our derivations available to our 
students on the course web site. This derivation introduces students to the 
kinetic molecular models, and the derivations that result build on one another 
and produce several intermediate expressions along the way, including: 

P>V=~N-m-u*9 Eqn 1 

u - ^ = ^ W > E q n 2 

— 3 
and Ek =Ek =-RT. Eqn 3 

Each stopping point gives students a "breather" during which numerical 
calculations can be carried out (Eqns 2 and 3) or in which a gas law can be 
discussed (Boyle's Law Eqn 1). This introduction allows for a smooth 
development of the collision density and collision frequency concepts by getting 
students used to thinking about molecules from the microscopic standpoint of 
the kinetic theory. At the same time students begin to realize that physical 
chemistry is all about proving the validity of the equations used. Because we use 
the average speed in the derivations instead of the root mean squared speed, we 
must devote appropriate time to the Maxwell-Boltzmann speed distribution 
which we present without derivation, instead focusing on explaining the notion 
of a continuous average. We also solve related problems in class and assign 
appropriate homework to further support our learning objectives for this topic. It 
should be noted here that homework is an important part of the course with 8-10 
assignments scattered throughout the semester. 

Once the collision frequency and density are determined, we focus on 
example calculations. The capstone for this section is a "ballpark" calculation of 
the initial rate of reaction at atmospheric pressure for a gas phase chemical 
reaction at 2700 K. We present the reaction as described by Levine (77) for a 
simple, bimolecular reaction step. 

CO(g) + 0 2(g) -> C0 2 (g) + 0(g) 

Assuming only that the rate of reaction depends directly on the rate of collisions 
between CO and 0 2 , an initial rate can be calculated and then compared with an 
experimental reaction rate. The calculated value overestimates the reaction rate 
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by more than a factor of 200 providing an opportunity to examine the 
assumption that all collisions result in a reaction. This example provides us with 
the opportunity to preview issues to be dealt with in the chemical kinetics 
chapters that follow, namely the orientation factor and the Boltzmann factor, 
both of which must be considered if a reliable prediction of reaction rate is to be 
calculated (at least from the standpoint of hard-sphere collision theory). 

We then proceed to a traditional presentation of experimental chemical 
kinetics. The two important concepts emphasized are, first, bond breaking is 
endothermic, and second, when simple particles collide and a bond momentarily 
forms, often a third body must be introduced in order to conserve energy and 
stabilize the product species. We next present the theory of the rate constant I 
beginning with the Arrhenius theory and then proceed to hardsphere collision 
theory, which brings us back to our collision formulas. We next cover Transition 
State Theory (TST), which at this stage presents some problems as well as 
opportunities. We use the presentation described in Laidler, et al. (12) The 
problem is that we need to assume that students understand basic principles of 
equilibrium, that they have some understanding of entropy and enthalpy, and 
that they have seen the Gibbs energy formulas not yet encountered in the 
physical chemistry course. We find that the students' knowledge of these 
concepts and formulas from general chemistry is sufficient. Further, we find that 
TST is an opportunity to review material our students have already encountered 
in general chemistry that will again be developed when we cover 
thermodynamics. 

We continue our study of chemical kinetics with a presentation of reaction 
mechanisms. As time permits, we complete this section of the course with a 
presentation of one or more of the topics: Lindemann theory, free radical chain 
mechanism, enzyme kinetics, or surface chemistry. The study of chemical 
kinetics is unlike both thermodynamics and quantum mechanics in that the 
overarching goal is not to produce a formal mathematical structure. Instead, 
techniques are developed to help design, analyze, and interpret experiments and 
then to connect experimental results to the proposed mechanism. We devote the 
balance of the semester to a traditional treatment of classical thermodynamics. 
In Appendix 2 the reader will find a general outline of the course in place of 
further detailed descriptions. 

Because derivations are an important part of the curriculum, it is important 
to present here our method of dealing with them. We present derivations in 
electronic format in class and make the same derivations available on the web, 
allowing students to spend time in class thinking rather than copying. Our 
method is not specific to our choice of the order of topics, but it is important for 
the reader to know the details of our implementation. We encourage students to 
focus on the following points in dealing with derivations: 

• The assumptions made at the outset 
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• The symbols used and their individual meaning 
• The approximations invoked along the way and 
• The significance of the final result. 

If students learn to pay attention to these points, they can take valuable 
conceptual learning even from derivations they could never carry out by 
themselves. 

The Laboratory 

We utilize the laboratory, which is not a separate course, in the process of 
introducing higher level mathematics. For instance, the first day of laboratory is 
given to mathematics exercises that review simple integrals and derivatives, and 
the chain rule. This is also where partial derivatives are introduced using the 
ideal gas law and the van der Waals equation as object lessons. It is here that we 
also introduce the triangle derivative rule for partial derivatives, Eqn 4. 

These exercises are easily completed in one, three-hour laboratory period. The 
capstone to these exercises is a take-home problem introducing the propagation 
of error formula which we initially present at the end of the first laboratory 
period. A l l of these mathematical exercises are presented in Mathcad which 
allows us to reacquaint our students with the program they learned about in our 
three-semester-hour Research Methods course usually taken in the sophomore 
year. We also introduce the symbolic calculus capability of Mathcad that allows 
simple determination of derivatives and antiderivatives. For the propagation of 
error exercise we use the formula relating the ideal gas law to the molecular 
weight of a volatile liquid. We provide the uncertainties in four measured 
quantities along with values for T, P, V, and mass (of the volatile liquid) and ask 
for the calculation of the uncertainty in molecular weight. This exercise is 
handed in the next week of laboratory. Later, during the first round of 
experiments, students actually determine the molecular weight of a volatile 
liquid by the Dumas method, and the results they obtained in their take-home 
problem can be applied to their laboratory report for this experiment. 

Insisting that the propagation of error formula be used wherever appropriate 
in laboratory reports, we find it easier to introduce the total differential once the 
topic comes up during the thermodynamics portion of the course. The similarity 
between the propagation of error formula and the total differential provides a 
more intuitive model for our students. Because our order of topics delays 
thermodynamics to later in the semester, we have time to emphasize the more 
concrete example used to determine the uncertainty in a measurement. 

Eqn 4 
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Planting Seeds 

This ordering of topics also allows a number of opportunities to introduce 
concepts used later in the physical chemistry sequence. For instance, the 
discussion of Eyring's Transition State Theory allows the reintroduction of 
essential thermodynamic quantities: enthalpy, entropy, and Gibbs energy along 
with the equations that relate them. We must also reintroduce the concept of 
equilibrium. We find that little more than the presentations given in most 
general chemistry textbooks are necessary. The essential point is the assumption 
that the reaction rate for elementary reaction steps depends on an equilibrium 
established between the reactants and the transition state which in turn depends 
on the Gibbs energy of activation which can be separated into entropy and 
enthalpy factors. In order to connect TST to the Arrhenius theory we must 
describe how the enthalpy of activation is related to the activation energy. This 
requires a description of the internal energy which is described in terms of the 
standard models for molecular energetics: translation, rotation, and vibration. 
Only a qualitative description is necessary, but with it students obtain key 
insights regarding the distribution of energy within a sample of molecules. 
Granted, it is unsatisfying to present TST without statistical mechanics as we do, 
requiring that we quote the factor, "kT/h," without derivation. However, we feel 
that this has been a successful instructional presentation by observing our 
students' ability to apply and interpret the TST formulas correctly. 

Another challenging but important topic is the expectation (or "average") 
value concept from quantum chemistry. The expectation value is difficult for 
students because it assumes the student can easily make the leap from a discrete 
formula for the mean value to a continuous mean formula cast as an integral. We 
help our students make this leap by constructing a concrete continuous average 
based on the Maxwell-Boltzmann speed distribution in the calculation of the 
average speed. Although a rather challenging topic in its own right, at least in 
the case of the M B distribution, the student can latch onto something they can 
visualize, namely the notion of a molecular speed and its distribution. O f course 
it is quite important to identify the traditional formula with a probability: 

We show that this continuous average formula can be developed heuristically 
by artificially creating a discrete example from the continuous function. For a 

Eqn 5 

This leads eventually to: 

Eqn 6 
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sample of nitrogen at room temperature, Eqn 5 is evaluated at twelve or thirteen 
speeds separated by an interval of 100 m/s. This pretty much spans the most 
significant range for nitrogen at 300 K. To make the problem even more 
concrete, a million molecule sample size is chosen. A rectangular box 1 ,/s wide 
is constructed at each of the "sampled" points so that the product of each 
evaluation of Eqn. 5 multiplied by one million gives the number of molecules 
(rounded to the one's place) represented by the area of each rectangular box. 
This gives us the data we need to calculate a discrete average. The logic for this 
problem is summarized in Figure 1. This discrete average gives a value that 
differs from the exact average speed by around 0.1 %. Our result is accurate in 
spite of the fact that we account for a small fraction of the original sample of 
molecules in the calculation, because our "sampling" of the probability 
distribution is sufficiently representative of the entire ensemble. By repeating 
the calculation using smaller intervals and a correspondingly larger number of 
rectangular boxes we show rapid convergence to the "exact" value. This 
construction convinces the typical student that the actual exact calculation is 
done with an infinite number of samplings of the probability distribution using 
an infinitesimal interval (with a smaller size box) in which the sum has been 
transformed into an integral. 

0.00016 

Speed m/s 

Figure 1. The Maxwell-Boltzmann speed distribution for N2 at 300 K 
illustrating a calculation described in the text. 

The ultimate goal is for students to realize that a continuous average of a 
quantity like u results from an integral of a product of that quantity times its 
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probability distribution. The process of counting molecules provides a concrete 
application of a probability function. It can also be demonstrated that Eqn. 5 is 
normalized and then interpreted in terms of the number of molecules in the 
sample, another important quantum concept. This example can be completed as 
a directed homework exercise during the kinetic theory segment in the first 
semester and "resurrected" when quantum mechanics is taught. If the Maxwell-
Boltzmann distribution example is followed by a problem utilizing one or more 
of the probability distributions encountered in the quantum chemistry segment 
of the course, the notion of an expectation value can be made more real for the 
student. 

The Maxwell-Boltzmann distribution also provides further opportunities to 
introduce important quantum chemistry and mathematics topics. First, the 
derivation of the M B distribution, i f one chooses to cover it, provides students 
with a look at a physics problem in three dimensions that also highlights (for 
review) the properties of the exponential function. This is a standard derivation 
found in most textbooks. Second, the velocity distribution bears a significant 
resemblance to the electron probability distribution for a Is electron when 
displayed as a two-dimensional slice. The representation suggested here is a 
density of dots showing high density near the origin and decreasing in density in 
all radial directions. Although the Is electron distribution is not Gaussian, it still 
exhibits the same spherical symmetry, and the opportunity to make a connection 
between these two models should not be overlooked. It is perfectly reasonable 
to present a 2-D slice of a Is orbital as a density plot to compare with the 
corresponding plot in velocity space for the M B distribution. It is very important 
also to emphasize that the axis labels are x, y, and z in the case of the is orbital, 
but in the case of the velocity distribution the axis labels are u x , u y , and u z . Third, 
continuing in this vein there is a direct parallel between the M B speed 
distribution and the radial distribution function for a spherically symmetric 
orbital. The M B speed distribution results from "integrating" the angular 
dependence found in the volume element for the M B velocity distribution. 
Because of spherical symmetry, this can be done geometrically by subtracting 
the volume of a sphere with radius u (r) from the volume of a sphere with radius 
u + du (r + dr) (5) neglecting higher powers of du (dr) in the algebra. The well-
known volume element, 4 n u 2 du (4 n r 2 dr), results thus giving rise to the M B 
speed distribution in the case of kinetic theory and the radial distribution 
function in the case of the is orbital. This choice to reduce the number of 
variables allows us to more easily display the essential content of a three-
dimensional problem. Plots of the two functions appear qualitatively similar and 
should be presented together, once again distinguishing the different labels for 
the horizontal coordinate. In a way, the interpretation is more intuitive for the 
radial distribution function being the variation of probability along any radial 
direction away from the nucleus. The speed distribution, also a probability, 
represents the likelihood that a sample of molecules will be found within a 
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particular infinitesimal speed range. This is an opportunity to confront the 
apparent paradox in which the velocity distribution (probability distribution), 
which is maximum at the origin in one presentation, gives rise to a speed 
distribution (radial distribution function) that is zero at the origin. This results 
because the new volume element, 4 n u 2 du, (4 n r 2 dr) is negligible near the 
origin. 

Another way to derive the same result is to replace the Cartesian volume 
element, dx dy dz, with the volume element in spherical polar coordinates, u 2 

sinO du d0 d([>, and explicitly to integrate the angular parts to give the well-
known result, 4 n. Because of spherical symmetry this procedure provides a 
simpler visualization of the probability. Exactly why the volume element in 
spherical polar coordinates takes this form is a topic that one might choose to 
explain here making the presentation smoother once it comes up again during 
the quantum mechanics part of the course. The previous descriptions represent 
various presentations made over the past several years teaching the course. In a 
given year we would not attempt to present all of them, believing that it is 
unnecessary to derive every equation encountered. 

Constraints on the Choice of Topical Order 

The decision to change the order of topics depends on three considerations, 
at least: the needs of the students, the constraints of the department and 
institution, and the style and preferences of the instructor. At our institution, and 
at a large number of similar colleges and universities in the U.S., students 
seldom finish their bachelor's degree in the canonical four-year period. They 
often decide late in their careers to become chemistry majors and are hard-
pressed to get ancillary courses like calculus and physics into their schedules 
before taking physical chemistry. It is no surprise that our student clientele is 
often marginally prepared for the physical chemistry course, and for most, the 
physical chemistry course is the last major hurdle to surmount before 
graduation. We have chosen to begin the course with what we believe to be 
more accessible material. We might have chosen to cover material in the more 
traditional order while glossing over much of the higher level mathematics, but 
that is not the goal of the approach described here. Instead we seek to provide a 
progressive introduction to physical chemistry that prepares our students for 
these more demanding topics and at the same time to make connections to 
chemistry courses previously taken. 

At some institutions, however, external constraints prohibit changes in the 
order of topics, especially i f Physical Chemistry I is a service course for other 
departments, most notably engineering. Further, there are no textbooks in which 
chemical kinetics is among the first topics, certainly among the most popular 
textbooks currently used. Our survey of physical chemistry teaching (/) 
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identifies Atkins and dePaula (75), McQuarrie and Simon (14), and Engel and 
Reid (75) as the current top three most-used textbooks. With nearly 35% of the 
market, Atkins maintains a traditional, "Thermo First" topic ordering, while 
McQuarrie and Simon provides an elegant logical development beginning with 
quantum chemistry. Engle and Reid provide a "two volume" format that can be 
covered in either order allowing the instructor more flexibility to decide the 
sequence of topics. 

Clearly the order of topics is an important consideration. Students' first 
impression of a course can be critical to capturing their interest and motivation. 
From the results of our survey it is apparent that there is a strong reluctance to 
change from the traditional order, "Thermodynamics, Kinetics, Quantum 
Mechanics, Statistical Mechanics" (TKQS). More than 25% of all respondents 
present physical chemistry in this exact order. In spite of the suggestion by 
Schwenz and Moore that quantum chemistry be taught first, only 20% of 
departments teach quantum first, with nearly two-thirds of all Physical 
Chemistry I courses beginning with thermodynamics (7). Only six of our 179 
respondents to this survey say they began Physical Chemistry I with Chemical 
Kinetics, and all but one of those institutions were small, <5,000 students (In our 
survey intermediate size was considered to be from 5000 to 15000 students). 
From the general comments made by respondents in our survey it is clear that 
physical chemistry teachers are faced with a myriad of issues including student 
preparation, student demographics, calendar, appropriate textbook, etc. With so 
many considerations, an instructor's choice of the traditional order of topics may 
simply reflect an aversion to skipping around in the text. However, we feel it is 
most important that students succeed during the first segment of the physical 
chemistry course. Perhaps the arguments here will inspire others to experiment 
with this order of topics. 

A Word on Assessment 

We have been teaching physical chemistry with a "kinetics-first" orientation 
for 13 years. Over the course of this past decade we have also examined our 
students using the A C S Comprehensive Standardized Exam. Form 1995 (16) 
was used from 1996 through 2003 and Form 2002 (77) was used in 2004 and 
2005. This comprehensive exam has been administered at the end of physical 
chemistry II covering quantum chemistry and spectroscopy. Both versions 
divide the 60 multiple choice questions into the three canonical areas, T, Q, and 
D, with the 1995 version assigning 20 questions each to the three areas. The 
2002 version assigns 15 questions to the dynamics section and 25 to the 
quantum section. A few statistical mechanics questions are also scattered among 
these sections. 
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Our students have traditionally scored poorly on these exams compared 
with the national norms, which we have found to be at least partly correlated 
with SAT scores. In 1996 the average SAT score at Georgia Southern was 
barely 1000 while in 2006 it surpassed 1100. We do not try to "prep" our 
students for this examination and we tend not to give multiple choice hour 
exams in our physical chemistry courses. From 1996 through 2003, in eight 
classes of physical chemistry, 101 students have taken the 1995 exam. With 20 
questions in a section, over this period; 2020 dynamics questions have been 
attempted and 805 have been answered correctly, a 39.9% rate. Over the same 
period, the same number of thermodynamics questions have been attempted and 
correctly answered at a 40.1 % rate while 40.9% of the quantum questions have 
been answered correctly. The difference in rates here is not statistically 
significant. Unfortunately, we did not teach any TKQS sections during this 
period and so we cannot compare these scores to a cohort who learned physical 
chemistry with the traditional ordering of topics. It is also somewhat strained to 
use student's performance on the thermodynamics section as a "control" 
comparison. Still, considering our students' background and foundation, we 
believe that introducing the material in the described order has not harmed their 
learning and has certainly removed some of the hurdles we previously 
encountered using a more traditional order. 

In 2004 and 2005 we used the newer 2002 version of the Comprehensive 
exam. Unfortunately, student scores on these exams were slightly lower than 
scores on the previous exam although students appeared to do better on the 
dynamics questions than on the thermodynamics questions. The correct answer 
rate overall for 51 students in two classes was: D-38.0%, T-32.6%, and Q-
38.7%. With factors such as different exam versions and a very small sample 
size (only 2 sections) it is impossible to draw definitive conclusions at this point. 
The D-T difference is barely significant, so it would be presumptuous to 
conclude that our order of topics is superior based on this one result. It is simply 
impossible to assess this later exam without the benefit of national norms for 
comparison. As always, we continue in our own observations and evaluations of 
this curriculum, and we would hope for others to try this approach so that a 
broader assessment could be conducted. 

Summary 

Teaching quantum mechanics first in physical chemistry gives the properly 
prepared and motivated student a presentation that best represents the most 
active areas of physical chemistry research. A thermodynamics first approach 
remains most consistent with the order found in most currently used textbooks 
avoiding the disorientation associated with skipping around in the textbook early 
in the course. However, we believe that a large segment of the chemistry major 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



294 

population is best served from the initial presentation: kinetic theory and 
kinetics. This presentation is more accessible mathematically, it is concrete and 
intuitive, and it represents a general area that provides a foundation for the study 
of dynamics, a field of chemistry that is at least as topical as quantum chemistry. 
The highly theoretical thermodynamics and quantum chemistry at best make a 
poor connection to the chemistry courses students might have previously taken, 
most specifically general chemistry and organic chemistry. Thermodynamics 
can bring in chemical reactions after a few weeks when thermochemistry is 
covered, but during the quantum chemistry segment much of the semester is 
consumed in the development of the formal structure before making connection 
to atoms, let alone to molecules, essentially the first example in which students 
might recognize "Chemistry." To cast students into the calculus of higher 
dimensions as is done after only a few weeks in both thermodynamics and a 
little longer in quantum chemistry leads to a highly stressful situation for the 
majority of chemistry majors. 

A presentation that begins with kinetic theory and chemical kinetics begins 
with molecules and chemical reactions quickly and goes on to make connections 
both to general chemistry and to the organic chemistry sequence. If the 
introduction of material requires no more mathematics than is presented in 
calculus II, students have a better opportunity to succeed in their early exposure 
to physical chemistry perhaps coloring their attitude toward future topics. The 
delay of topics requiring higher mathematics allows the teacher more time to 
introduce calculus of higher dimensions as exercises integrated into homework 
or through mini-lectures during class-time. If laboratory is taught along with the 
physical chemistry I lecture, a teacher might use the propagation of error 
formula (18) as an intuitive application of multivariable calculus that is 
analogous to the total differential as an aid in introducing a "new" calculus 
topic. 

According to our survey aimed to ascertain the current state of physical 
chemistry teaching, the order of topics is not considered an important method of 
reform. It is, however, interesting to note (19) that departments located at 
institutions with more than 15,000 students are most likely to choose to teach 
quantum chemistry first (11 out of 42, or 26%). Only 11 of 58 departments 
(19%) at schools with populations between 5,000 and 15,000, and only 12 of 75 
departments (16%) at schools with populations below 5,000, offer quantum 
chemistry first (1). Further, 26% of all respondents continue to offer their 
curriculum in the traditional order TKQS. The choice of the order of topics in 
physical chemistry is certainly not a solution to the more difficult problem of 
inspiring students to see physical chemistry as a means to better understand the 
world, but if it can change student attitudes it might contribute to movement 
toward this goal. We hope that providing a successful experience early in the 
physical chemistry sequence through kinetic theory and kinetics will convert at 
least a few students into more open-minded thinkers who will not dread the rest 
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of the physical chemistry course sequence and in the end take something useful 
from it. 
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Appendix 1 

Results of the Physical Chemistry Survey: Below are excerpts of the survey data 
collectedfrom physical chemistry faculty at ACS certified institutions. 

Distribution of institutions teaching Statistical Mechanics as part of a typical 
physical chemistry class: 

During the first semester 16.8 % 
During the second semester 54.2 % 

Total 70.9 % 

Commonly used physical chemistry textbooks 
Textbook (Author) 
Atkins and de Paula 34.9 % 
McQuarrie and Simon 16.4% 
Engel and Reid 13.3% 
Laidler, Meiser, Sanctuary 8.7 % 
Levine 8.2 % 
Silbey, Alberty, Bawendi 8.2 % 

Common order of topics 
Topic Order 
Thermo, Kinetics, Quantum, Stat Mech 26.1 % 
Quantum, Stat Mech, Thermo, Kinetics 7.8 % 
Thermo, Stat Mech, Kinetics, Quantum 5.0 % 

First topic of discussion in physical chemistry courses (by institution size) 
First Topic Overall Population 

< 5000 
5000-
15000 

Population 
>15000 

Thermodynamics 71.8% 62.7 % 75.9 % 64.3 % 
Quantum 20.1 % 16.0% 19.0% 26.2 % 
Kinetics 4.6 % 6.7 % 1.7% 0.0 % 
Statistical Mechanics 1.1 % 
Other 2.3 % 

Common physical chemistry course pre-requisites: 
Analytical/Quantitative Analysis 27.8 % 
Calculus II 58.3 % 
Calculus III 29.4 % 
Physics II - calculus based 59.4 % 
Physics I & II - tr ig. Based 22.2 % 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



297 

Appendix 2 

Introduction 2 lectures 
Relevant physics 
Gases (Ideal gas law, Pressure, Units, and Conversion) 

Kinetic Theory 4 lectures 
Counting molecules, collision frequency, collision density 
M B speed distribution and averages 

Chemical Kinetics 6 lectures 
Rate constant, rate law, concentration profile, experimental measurement, 

integrated rate laws, linear plots, half-lifes 
Theory of the rate constant (activation energy, orientation factor, collision 

frequency factor, Transition State Theory) 
Reaction mechanisms 4-6 lectures 

Elementary steps, molecularity, rate determining step approximation, 
Steady State Approximation 

Lindemann mechanism, Free radical chain mechanism, Enzyme kinetics, 
Surface chemistry 

Thermodynamics 4 lectures 
Gases, partial derivatives, triangle relation, inverse relation, total differential 
Properties (Heat capacity, thermal expansion coefficient, isothermal 

expansivity coefficient) 
Joule expt, Joule-Thomson expt, Relationship to intermolecular forces 

First Law 4 lectures 
Work, heat, A U , A H , Isothermal, isobaric, isochoric, adiabatic 
Hess' law, calorimetry, T-dependence of enthalpy 

Second Law 5 lectures 
The entropy, Spontaneous vs non-spontaneous, Reversible and irreversible 

processes, Calculation of entropy changes (Isothermal, isobaric, 
isochoric, adiabatic), Phase changes at equilibrium, Trouton's rule, 
Calculation for irreversible processes 

Third Law 1 lecture 
Absolute zero, Calculation of third law entropies 

Equilibrium 10-12 lectures 
Gibbs energy, Helmholtz energy, Thermodynamic relationships 
dU, dH, dG, dA 
Derivations of thermodynamic quantities: 
Chemical potential, chemical equilibrium (Kp, Kc, Kx), Phase equilibrium 

(1 component), Phase diagrams 
Vapor pressure equation from Clapeyron eqn, 
Phase equilibrium (2 component), liquid-vapor, solid-liquid, colligative 

properties, FP depression, osmotic pressure 
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Chapter 18 

Fitting Physical Chemistry into a Crowded 
Curriculum: A Rigorous One-Semester Physical 

Chemistry Course with Laboratory 

Holly Ann Harris 

Department of Chemistry, Creighton University, Omaha, NE 68178 

This chapter will describe how the physical chemistry 
curriculum at Creighton University was revised to include a 
one-semester overview of physical chemistry with laboratory, 
followed by elective courses in specific areas of physical 
chemistry. The course is preceded by a mathematics course 
designed specifically to prepare chemistry students for the 
mathematics encountered in a rigorous physical chemistry 
course. 

The Creighton University Chemistry Department undertook full curriculum 
revision during the 2000 - 2001 academic year for both the ACS-certified major 
and the non-certified major. The revision was driven by the need (mandated by 
ACS) to include the equivalent of one semester of biochemistry in the major. 
We believed, at the time, that we did not have the overall expertise to add 
biochemistry units to existing courses and there was no room in the existing 
curriculum to simply add another course. The new biochemistry requirement 
forced a critical examination of a curriculum that had not changed in many 
years. 

Prior to the revisions that occurred in 2001 the requirements for an A C S -
certified degree in chemistry at Creighton University were very standard, one 
year each of general chemistry, organic chemistry, physical chemistry, and 
analytical chemistry (separated into quantitative and instrumental analysis), and 
one semester of advanced inorganic chemistry. Each of these courses had a 
laboratory specifically associated with it. In addition, we required an advanced 
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elective in chemistry (most of the elective offerings were in the area of organic 
chemistry), a math course beyond Calculus II, and three credit hours of research. 
Including the pre-requisite courses in physics and calculus, the degree 
requirements summed to 61 credit hours making chemistry one of the largest 
majors, in terms of requirements, at Creighton University. Creighton is a Jesuit, 
Catholic university and has a relatively large core requirement (61 - 64 credit 
hours). Because there is very little overlap (8 credit hours) between the core 
requirements and the requirements for a major in chemistry, chemistry majors 
have very little room for electives or additional courses. 

In order to add the required course in biochemistry and keep our major 
within reason with respect to the college requirements we made several changes 
in both analytical and physical chemistry. The most dramatic change was in the 
area of physical chemistry. Our new physical chemistry curriculum is loosely 
modeled after a curriculum that was used at Harvey Mudd College prior to 1988. 
The current curriculum consists of two lecture courses, one laboratory course 
and an elective (required only for the A C S certified degree). The lecture courses 
are Math Concepts in Chemistry (replaces the previous additional math course 
requirement) and Introduction to Physical Chemistry (a rigorous overview of the 
main topics in physical chemistry). The latter course is co-requisite with the 
laboratory course, Physical Chemistry Laboratory (a two-credit writing 
intensive course). Each course will be described in detail in the following 
sections. 

In discussing physical chemistry curriculum revision we voiced many of the 
same concerns that are detailed in the New Traditions Physical Chemistry 
Curriculum Planning Session Report (/). Our new curriculum attempts to 
address specifically the concerns regarding math preparation, course content, 
active learning, writing skills, and appropriate utilization of the laboratory 
course to enhance learning. 

Math Concepts in Chemistry 

The Math Concepts in Chemistry course replaces the previous requirement 
of an additional math course. We have offered a course like this in the past but 
it was not required of all chemistry majors and was not a pre-requisite for 
physical chemistry. As such, students taking physical chemistry began the 
course with a variety of different backgrounds and skill levels in mathematics. 
The current course is required of all of our chemistry majors, whether or not 
they intend to complete the ACS degree requirements, and is a pre-requisite for 
the physical chemistry lecture. The goal of the course is to provide every 
student with the mathematical foundation necessary to grapple with the topics 
that wil l be covered in physical chemistry, as well as instrumental analysis and 
inorganic chemistry. The course is intended to be a math course, primarily, but 
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because it is taught by a physical chemist the emphasis of the presentations is on 
applications of specific math techniques in chemistry. 

A summary of the topics covered in the course is given in Table 1. The pre
requisite for the course is Calculus II. Given the number of topics covered in the 
course, we cannot present each topic in the mathematically rigorous way that 
our colleagues in the Math Department would prefer. However, our goal is not 
to train future mathematicians but rather to provide chemistry students with a 
level of familiarity with mathematical concepts that are useful in chemical 
applications. The chemical applications are emphasized in the examples used to 
present the math and in the problem sets, almost all of which highlight the uses 
of these mathematical concepts in chemistry. 

The benefit of this course is that it provides all students taking the physical 
chemistry lecture course with the same mathematical foundation. In the 
physical chemistry lecture we can discuss the relationship between different 
thermodynamic functions without stopping to review partial derivatives. We 
can talk about the difference between work, heat, and energy without stopping to 
teach the difference between path functions and work functions. We can write 

Table I. Topics Covered in Math Concepts in Chemistry 

Topic 
Approximate 

time spent 
Functional forms and graphical representation 

• Trigonometric functions 
• Exponentials and logarithms 
• Functions containing i 

Calculus review 
• Differentiation, single- and multi-variable 
• Integration, single-and multi-variable 
• Min/Max theory 

Vectors, matrices, and determinants 
Operator algebra 
Differential equations 

• Techniques for solving ODE's 
• Sequence and series solutions 
• Laplace transforms 
• Fourier transforms 

Introduction to symmetry and point groups 

1.5 weeks 

2.5 weeks 

3 weeks 
2 weeks 
4 weeks 

2 weeks 
N O T E : The primary textbook for the course is Barrante, Applied Mathematics for 
Physical Chemistry, 3E, Pearson, Prentice Hall, 2004. Significant material is also 
taken from Mortimer, Mathematics for Physical Chemistry, 3E, Elsevier, 2005. 
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down the Schrodinger equation and know that the students understand what an 
operator is, in general, and are familiar with the Laplacian operator in particular. 

The Math Concepts course meets two basic needs. It fulfills the A C S 
requirement for exposure to differential equations and linear algebra and it 
provides all students taking physical chemistry with the same math background. 
When the students encounter quantum mechanics in physical chemistry they can 
concentrate on the chemistry without having to learn the math simultaneously. 
An added benefit is that we can demand accountability of the students. Because 
the current Math Concepts course is a pre-requisite for physical chemistry we 
know that they have had previous exposure to the math because we are directly 
responsible for that exposure. In all but a very few instances the course is taken 
in the semester directly preceding the physical chemistry course so the 
mathematics should be fresh in the students' minds. 

Introduction to Physical Chemistry 

The Introduction to Physical Chemistry course is the centerpiece of the 
physical chemistry curriculum. It is named as such only because, by college 
rules, we needed to distinguish it from the previously offered Physical 
Chemistry I and Physical Chemistry II courses. We do believe, however, that it 
is aptly named because it provides an introduction to three of the four major 
areas of physical chemistry and our students are required to take an additional 
elective course covering one topic in greater detail. 

The topics covered in this course are listed in Table II. This course is not a 
watered-down, non-mathematical treatment that is common in some one-
semester courses. The mathematical rigor is retained because the math has been 
covered in the previous course, Math Concepts in Chemistry. By requiring the 
math concepts course we believe that we gain one-third to one-half of a semester 
worth of time in the physical chemistry course. Even taking into account the 
time saved by not "re-covering" math topics, we still needed to trim some 
content. 

In choosing what topics to cover and what topics to cut we carefully 
considered an overall philosophy. We concluded that what makes physical 
chemistry different from the other major divisions of chemistry is that physical 
chemists are primarily concerned with constructing models that describe, and 
ultimately predict, chemical and physical behavior of matter. This conclusion is 
certainly open to argument and we don't intend to imply that content is 
unimportant. However, it is this philosophy that drove us to construct a course 
in which the content of the course focuses on process - the process of 
constructing models (primarily mathematical) that describe and predict chemical 
and physical behavior. 
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Table II. Topics Covered in Introduction to Physical Chemistry 

Approximate 
Topic Chapter time spent 
Kinetic theory and molecular motion 24 1.5 weeks 
Gas laws, concentrating on non-ideal 1 1 week 
Thermodynamic laws 2 - 5 3 weeks 
Chemical equilibrium 6,9 1.5 weeks 
Quantum mechanics of atoms and 11-15 5 weeks 

molecules 
Spectroscopy 16-18 3 weeks 

N O T E : Chapter references are to the textbook used, Atkins and de Paula, Physical 
Chemistry, IE, WH Freeman and Company, 2002 . 

Molecular emphasis 

One topic that is conspicuously absent in the table above is statistical 
mechanics. While we do not cover statistical mechanics in the traditional sense 
(that topic is left to an elective course) we do emphasize, throughout the course, 
the molecular nature of matter. While the traditional coverage of 
thermodynamics is generally concerned with describing the behavior of the bulk 
sample, molecular interpretations (without resorting to a full ensemble 
explanation) can often provide very useful insight into bulk behavior and also 
reinforce the concept of model-building. By beginning the course with an 
investigation of molecular motion and a full development of the kinetic theory, 
students get a good introduction to individual molecular properties and 
distributions of molecular properties in a bulk sample. With this background we 
are able to use molecular interpretations to describe non-ideal behavior in both 
gas and condensed phases, as well as to justify enthalpies of reactions and 
enthalpies of mixing in addition to other thermodynamic phenomena. The 
statistical, molecular interpretation of entropy is also included in the course 
without a full statistical mechanics treatment. 

Two other topics that are absent from the lecture course - kinetics and 
thermodynamics of condensed phases - are covered in the laboratory course, as 
well as in advanced elective courses. 

Physical Chemistry Laboratory 

Physical Chemistry Laboratory is a two-credit lab course meeting twice a 
week. The laboratory course complements the lecture course in two, disparate, 
ways. A l l of the experiments emphasize the theme of model-building and 
prediction of physical and/or chemical behavior. In addition to building on the 
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theme of the lecture course, the laboratory course includes experiments that 
focus on material not covered in the lecture course, as well as experiments that 
illustrate topics covered in the lecture. 

Specific experiments have changed from year to year as we continue to 
refine the course. Typical experiments include bomb calorimetry, kinetics of a 
reaction involving ions (allows coverage of basic kinetics as well as Debye-
Htickel theory), a project designed to investigate the properties of ideal and non-
ideal solutions, and spectroscopy. The solution project involves three to four 
experiments including solution calorimetry, viscosity, and construction of a 
liquid-vapor phase diagram. In this series of experiments we cover Raoult's 
law, viscosity, partial molar quantities, and thermodynamics of mixing — all 
topics that are not directly covered in the lecture course. 

In addition to the content-specific goals of the laboratory, one very 
important goal is to introduce students to scientific writing and communication 
of experimental results. At least half of the experiments (including the solution 
project) culminate in a formal paper that is written in the style of an A C S journal 
article. The course is a college designated writing course which means that each 
paper must go through a graded draft and rewrite stage. In addition to the 
formal papers, the laboratory notebooks are graded critically for content and 
completeness. The notebook score comprises 30 % of a student's overall grade 
for the course and the formal papers comprise 50 - 60 % of the grade. The 
remaining 10 - 20 % of the grade is based on one or two oral presentations 
during the semester. Ideally each student will make one oral presentation (10 -
15 minutes) during the semester although we have not been consistent in this 
requirement to date. At the end of the semester each group of students chooses 
one experiment and makes a poster presentation at a department poster session. 
This poster session includes research posters as well as posters from the physical 
chemistry lab and is attended by the entire department as well as faculty from 
other science departments within our university. 

A secondary goal of the laboratory course is the introduction of group work. 
For most of the experiments students work in small groups and must learn to co
ordinate their efforts. Most of the experiments are intentionally designed to 
"force" the students to cooperate, assign individual tasks and share data. Several 
of the papers are group writing projects, as well. This is a very different 
experience for our students as this is the first science course (and in many cases 
the only course of any kind) where teamwork is emphasized. This is not always 
a comfortable environment for our students but it is one that we, along with 
many others (/, 2), believe is important. 

In constructing the particular experiments we have tried to emphasize the 
application of physical chemistry concepts to other fields of chemistry. 
Currently most of the experiments involve applications to organic chemistry but 
we are developing experiments that directly relate to inorganic (transition metal) 
chemistry and to biochemistry (2). 
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Elective Courses 

A l l of our chemistry majors must take the Math Concepts course, the 
Introduction to Physical Chemistry lecture, and the Physical Chemistry 
Laboratory. In addition to these courses students who want to obtain the A C S -
certified degree must also take a two-credit physical chemistry-based elective 
course. We average 25 majors in a graduating class and approximately 80 % of 
our majors obtain the ACS-certified degree. Ideally we would like to offer at 
least three elective courses each year so that students have a choice. At a 
minimum, two electives will always be offered. 

Table III. Elective Courses 
Lecture / 

Course Offered Laboratory 
Statistical Mechanics Fall, '04 Lecture 
Kinetics Spring, '05 Lecture 
Chemical Applications of Spring, '05 Laboratory 

Spectroscopy 
Quantum Mechanics Fall, '05 Lecture 
Thermodynamics Spring, '06 Lecture 
Chemical Applications of Group Fall, '06 Lecture 

Theory 
Computational Chemistry Spring, '07 Laboratory 
Physical Chemistry of Spring, '07 Lecture 

Macromolecules 
Biophysical Chemistry* Fall, '07 Lecture 

N O T E : Biophysical Chemistry has been proposed but not yet approved. It is 
tentatively planned to be offered in Fall, '07. 

The elective courses that we currently offer are listed in Table III. Two of 
the courses are laboratory courses. The offerings reflect the expertise of our 
current faculty and are subject to change, based on the interests of both the 
faculty and the students. The choice of which electives to offer in a given year 
is made by the faculty and students together. The faculty choose five or six 
possibilities from the list, based on teaching availability of particular faculty, 
and this list is given to the students in survey form, along with a course 
description, in the physical chemistry lecture course. The students fill out the 
survey rating their interest and the top two or three are chosen. 

Because the electives are advanced courses in relatively narrow areas of 
physical chemistry it is easier to incorporate examples and applications from 
other fields of chemistry into the course. Often, the students have input into 
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which applications will be covered. For example, in the Thermodynamics 
course that I just finished teaching, I wanted to spend some time investigating 
the benefits (if any), from both a thermodynamics and economics perspective, of 
ethanol-based additives in gasoline. We did that but we also spent more time on 
gas laws because the students wanted to investigate the recent claims by the tire 
industry that N 2 inflation was superior to air inflation. The resulting discussion 
and information (provided mostly by the students themselves) was fascinating 
and covered many topics including ideal and non-ideal gases and reactivity of 
mixed phases. I know that a similar student-led discussion occurred in the 
kinetics course. 

Conspicuously missing from the list of electives (and anywhere in our 
curriculum) is a course on modern experimental physical chemistry and/or lasers 
in chemistry. We hope to correct this omission with a new hire in the next two 
years. 

Assessment 

We have used the A C S Physical Chemistry Comprehensive Exam (1995) as 
an assessment tool. As of this writing two groups of students have completed 
the core lecture and lab courses and taken the A C S exam. In discussing these 
exam results it is important to note that the exam was given to both groups (the 
two-semester group and the two one-semester groups) as an assessment activity. 
It did not count in the students' grades and they did not study or otherwise 
prepare for it. 

The median total score on this exam for the students taking the one 
semester course is slightly higher (4 more correct answers) than the median 
score on the exam for students who took the previous, two-semester, version of 
physical chemistry. Of more interest to us are the scores on the individual 
components of the exam. 

The exam (for those not familiar with it) is 60 questions divided into three 
categories - 20 questions each over Thermodynamics, Quantum Mechanics 
(including spectroscopy), and Dynamics (which includes one question on 
statistical mechanics). By looking at the section scores we can see that the 
improvement in total score comes from improvement in both the 
Thermodynamics and Dynamics sections. The median score for the Quantum 
Mechanics sections is the same for both groups of students. The largest 
improvement can be seen in the Thermodynamics section (median score 3 more 
correct for the one-semester group). A possible explanation for this is that the 
students in the two-semester group had a longer time lag between the coverage 
of thermodynamics in class and when the test was administered. However, the 
same explanation cannot be made for the improvement in the Dynamics 
sections. Students who took the two-semester sequence had a formal 
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presentation of both kinetics and statistical mechanics in lecture and kinetics in 
lab. Students in the one-semester course had exposure to neither topic in lecture 
but did see kinetics in lab. We conclude from this admittedly small sample that 
the one-semester course is delivering (the same) content equivalent to the 
previous two-semester course. 

In the laboratory course we are developing a rubric to assess the formal 
papers. The first and last papers will be scored according to this rubric to 
measure the degree to which writing skills have improved during the course. 
The poster presentations are assessed by chemistry faculty members outside of 
the physical chemistry division and those assessments are currently being 
evaluated by our department assessment committee. 

We have had only two graduating classes complete the full series of 
physical chemistry courses, including the electives. In those two classes 
combined, 50 % of the students took more than one physical chemistry elective 
and two students in the class of 2005 took all three electives that were offered 
during that year. Based on the number of courses taken we conclude that most 
of our students are getting more physical chemistry with the new curriculum 
than they were with the traditional two-semester sequence. 

One last piece of admittedly anecdotal evidence is that all five students who 
completed this curriculum, went on to graduate school in chemistry, and took a 
physical chemistry qualifying exam reported that they passed their exam. 
Unfortunately we do not have corresponding data for the previous curriculum so 
we cannot say whether or not the new curriculum is responsible for this 
performance. We can say, based on this limited sample, that the new curriculum 
certainly has not hurt these students. 

Conclusions 

Our physical chemistry curriculum revision is clearly a 'work in progress'. 
More work is needed so that the math course is more clearly and closely tied to 
the physical chemistry lecture course. The content of the lecture course needs to 
be refined and assessed. Finally, the laboratory experiments need to be 
modernized to more closely reflect current experimental physical chemistry. 

However, we are gratified by the results so far. The preliminary assessment 
data supports our contention that we are not sacrificing rigor in the one-semester 
course. We are committed to the goals of developing teamwork and 
communication skills in the laboratory, as well as offering meaningful content 
and believe that we are well on our way to doing so. 

The response, by both students and faculty, to the elective offerings has 
been much more positive than initially anticipated. Developing these advanced 
courses has energized the faculty and the students are very receptive to having 
input into what courses are offered and, in some cases, what topics are covered 
in the elective courses. 
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We are also pleased that the A C S Committee on Professional Training has 
recently endorsed the idea of one-semester "Foundations" courses (3). We hope 
that our curriculum, as we continue to refine and improve it, will serve as a 
model for how these foundational courses (in physical chemistry and other sub-
disciplines of chemistry) might be constructed. 
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Assessment 

Creighton University, 305-306 

faculty, of material, 262-263 
Georgia Southern, 292-293 
student, of physical chemistry, 263, 

265 
Atomic force microscopy (AFM), 

laboratory experiments, 123, 126/ 
Atomic orbitals (AOs) 

modern concepts of, 91 
quantum chemistry, 89-93 

Atomic spectroscopy, laboratory 
experiments, 134/ 

Atomistic simulations 
connecting macroscopic and 

molecular phenomena, 209-211 
See also Simulations 

Aufbau principle, electrons in orbitals, 
91-92 

Authentic learning, Virtual Substance, 
203-204 

Availability, Virtual Substance, 205 

B 

Behaviors, studying quantum 
mechanics, 165-167 

Biological systems, physical 
chemistry of, 129, 132/ 

Biology, impact on physical chemistry 
course, 47-48 

Bohr model, physical chemistry 
education, 81 

"Boss" model, relating to students, 34 
Boundary surface, orbitals, 91 
British Emergentism, philosophy, 69 
British system, physical chemistry 

courses, 44-45 
"Buddy" model, relating to students, 34 
Buzzword, "nano" in physical 

chemistry, 2 

313 
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C 

Calculus, mathematics and physical 
chemistry, 83 

"Canned" approach, classroom tools, 
34 

"Canonical" representations, 
thermodynamics, 86-87 

Capillary electrophoresis, laboratory 
experiments, 125, 126/ 

Carbon, educational opportunities, 41 
Carbon clusters, instruction module, 

181 
Carbon monoxide, kinetic energy 

distribution by Odyssey, 213/214/ 
Catalysis, laboratory experiments, 

139/ 
Change, core equations, 54/ 
Charge transfer, process-oriented 

guided inquiry learning (POGIL), 
272-273 

Chemical bonding 
course content, 25 
quantum mechanical theory, 69 

Chemical education research, physical 
chemistry lab, 117-118 

Chemical equilibria, course content, 20 
Chemical kinetics 

course content, 22 
new directions, 190 
selected problems in, 257/ 
teaching at Georgia Southern, 286, 

294 
Chemical potential, Gibbs, 18 
Chemistry 

approach of reduction to physics, 
60-61 

molecular modeling, 209 
relationship to physics, 59-60 
See also Educational research 

Chemistry education, science and, 75-
76 

Choice of topics, physical chemistry 
class, 32-33 

Chunking ability, disembedding 
ability, 96 

C1 2 0 4 in stratosphere, instruction 
module, 180 

Classroom observations, quantum 
mechanics study, 159 

Classroom time 
physical chemistry, 5-6 
process-oriented guided inquiry 

learning (POGIL), 269-270 
Classroom tools, physical chemistry 

class, 34-35 
Class time, use of, 33-34 
Cluster dynamics, calculations, 226, 

228-229 
"Coach" model, relating to students, 

34 
Collaboration, physical chemistry 

projects, 182-183 
Combinatorialism, reductionism, 63-

64 
Cometary spectroscopy, laboratory 

experiments, 131, 132/ 
Computation 

exercises in laboratory, 125 
physical chemistry course, 49, 

50/ 
Computational chemistry 

advantages to physical chemistry 
teachers, 5 

deciding how to approach, 33 
models, 4-5 
new directions, 190 

Computational laboratory 
calculation for anharmonic Morse 

oscillator, 227/ 
credit load, 222 
enhancing student understanding, 

221 
extension to many dimensions, 226, 

228-229 
hands-on approach, 233 
harmonic oscillatory trajectory, 

223, 224/ 
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internuclear separation and velocity 
vs. time for Morse and harmonic 
oscillator, 225/ 

Mathcad worksheet of harmonic 
oscillator trajectory, 224/ 

methods, 220 
molecular dynamics calculations, 

222-229 
Morse oscillator, 223, 225, 227/ 
motion of anharmonic oscillator, 

227/ 
one-dimensional trajectory, 222-

226 
outline of course, 221-222 
potential, kinetic and total energy 

for anharmonic and harmonic 
oscillator, 226/ 

proton transfer, 229,231-232 
radial distribution function, 228, 

230/ 
stages, 233 
student evaluation, 232 
tautomerization, 229,231-232 
University of Michigan, 221-222 
velocity autocorrelation function, 

229,230/ 
Computers 

classroom tools, 34 
framework for using, models, 195-

196 
physical chemistry laboratory, 125, 

127-128 
teaching with, 100 

Concentration cells, electrochemistry, 
88 

Conceptual change 
constructivism, 78 
science education research, 104 

Conceptual learning, problem-solving 
mindset impeding, 168 

Conceptual understanding, physical 
chemistry, 80 

Constructivism 
methods, 78 
quantum mechanics study, 160-161 

science education, 77-78 
Content 

changing physical chemistry 
courses, 179 

physical chemistry projects, 184/ 
teaching and learning, 104-105 

Context-based approaches, teaching 
and learning, 98-99 

Contrails project, instruction module, 
182 

Cooperative learning, teaching 
method, 101-102 

Core equations, physical chemistry 
course, 53-54 

"Correct" values, quantum mechanics 
expectation, 163-164 

Course content 
activated processes, 22-23 
chemical bonding, 25 
chemical equilibria, 20 
chemical kinetics, 22 
computational chemistry 

laboratory, 221-222 
current and future preparation for 

students, 13-14 
departmental and institutional 

goals, 14-15 
distribution coefficients, 13 
equations of state (EOS), 19-20, 
first law and thermodynamic 

changes, 16-17 
future, 26-27 
Gibbs potential, 18 
guides, 12-15 
H atom, 25 
interrogating quantum world, 25 -

26 
irreducible minimum for one-year 

course, 15 
macroscopic topics, 15 
macroscopic views, 16-23 
mathematical preparation, 18-19 
microscopic topics, 16 
microscopic views, 23-26 
nanoworld, 23-24 
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organizational scheme, 15-16 
outline at Georgia Southern, 297 
particle in a box, 24-25 
phase equilibria, 20-21 
practical and relevant, 26 
quantum world, 24 
spectroscopy, 25-26 
statistical thermodynamics, 23 
student audience guiding, 12-13 
time-dependent processes, 21 
transport properties, 21-22 
work, 17 
See also Physical chemistry course 

Course design 
citing questions, 3 
decisions, 29 

Course repetition, learning physical 
chemistry, 82 

Creighton University 
assessment, 305-306 
elective courses, 304-305 
Introduction to Physical Chemistry, 

301-302 
Math Concepts in Chemistry, 299-

301 
molecular emphasis, 302 
Physical Chemistry Laboratory, 

302-303 
See also Teaching 

Critical thinking questions, process-
oriented guided inquiry learning 
(POGIL), 270, 274-278 

Culture of Chemistry materials 
context-rich, 261-262 
marginalia from, 262,264/ 
problems from, 263/ 

Curriculum 
challenge, 254 
Creighton University, 298-299 
Culture of Chemistry materials, 

261-262 
developers using simulations, 208 
dynamic physical chemistry, 40-

43 
experimental motivators, 49, 50/ 

Introduction to Physical Chemistry 
at Creighton University, 301— 
302 

physical chemistry, 1 
strategies for developing new 

materials, 259,261 
See also Computational laboratory; 

Examinations; Materials; 
Physical chemistry curriculum; 
Simulations 

Cyclic voltammetry, laboratory 
experiments, 124-125, 126/ 

D 

Data collection, quantum mechanics 
study, 158-160 

Decisions, physical chemistry class, 
29 

Defects, role in nanotechnology, 41 
Demonstrations, classroom tools, 34-

35 
Density functional theory (DFT), 

computers in laboratory, 125 
Departmental goals, guiding course 

content, 14-15 
Diamond, educational opportunities 

for carbon, 41 
Differential scanning calorimetry 

(DSC), laboratory experiments, 
125, 126/ 

Difficulties, learning physical 
chemistry, 82 

Diffraction techniques, physical 
chemistry course, 50 

Digital resources 
chemical kinetics, 190 
choosing symbolic mathematics 

applications, 187-189 
computational chemistry, 190 
documents for quantum chemistry 

semester, 188 
documents for thermodynamics 

course, 188 
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new directions in physical 
chemistry, 189-190 

spreadsheets, 185-186 
symbolic mathematics engines 

(SME), 186, 187/ 
why using S M E in physical 

chemistry courses, 187 
Discovery, laboratory instruction, 97-

98 
Disembedding ability, problem 

solving, 94-95, 96 
Distribution coefficients, course 

content, 13 
Division of Chemical Education, 

Examinations Institute, 238-239 

Education 
integration of research and, 43 
road map to future physical 

chemistry, 6 
Educational constructivism, theory, 77 
Educational research 

active learning, 101-102 
concept learning, 104 
conceptual understanding, 80 
constructivism, 77-78 
context-based approaches to 

teaching and learning, 98-99 
cooperative learning, 101-102 
disembedding ability, 94, 95, 96 
electrochemistry, 87-89 
factors in learning physical 

chemistry, 81-83 
innovative methods of teaching, 

98-102 
laboratory work, 97-98 
learning theories, 105-106 
mathematics and physical 

chemistry, 83-84 
meaningful learning, 80 
methods of, 78-79 
misconceptions, 103-104 

pedagogical content knowledge 
(PCK), 103 

physical chemistry and science 
education, 79-84 

problem solving in physical 
chemistry, 93-97 

process-oriented guided-inquiry 
learning (POGIL), 102 

quantum chemistry, 89-93 
recommendations for instruction, 

102-106 
role of models, 80-81 
scientific reasoning, 94-95 
subfields of physical chemistry, 

84-93 
teaching with technology, 99-101 
theories in science education, 76-

79 
thermodynamics, 84-87 
working-memory capacity, 94-95 

Education research 
new developments, 119/ 
physical chemistry lab, 117-118 

Elective courses, Creighton 
University, 304-305 

Electrical work, course content, 17 
Electrochemistry 

commercial soap experiment, 131, 
132/ 

context-based approaches, 99 
physical chemistry course, 50-51 
subfield of physical chemistry, 87-

89 
Electronic structure, laboratory 

experiments, 135/ 
Electron paramagnetic resonance, 

laboratory experiments, 123, 124/ 
Emergentism, physicalism and, 67-70 
Emergentists, philosophy, 68-69 
Empiricism, constructivism, 77 
Energy 

Virtual Substance, 202/ 
water, as function of temperature, 

216,217/ 
Enthalpy, Virtual Substance, 202/ 
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Enthalpy changes, thermodynamics, 
85 

Enthusiasm, studying quantum 
mechanics, 163 

Entropy, free energy and, 86 
Environmental issues, laboratory 

experiments, 129, 131,132/ 
Equal-probability contour, orbitals, 91 
Equations, physical chemistry course, 

53-54 
Equations of state, course content, 19-

20 
Equilibria 

chemical, 20 
laboratory experiments, 137/ 
phase, 20-21 

Examinations 
assessment at Creighton University, 

305-306 
assessment of Georgia Southern, 

292-293 
change in question type with 

examination year, 245/ 246 
change of content questions with 

examination year, 245/ 
content guidelines, 241 
general item-writing guidelines, 

241-242 
graduate students, 238-239 
history of Examinations Institute, 

238-239 
multiple choice, 239-240 
percentages for percentile score as 

function of examination year, 
246-247 

physical chemistry class, 35-36 
physical chemistry reform, 237-

238 
process of writing, 242-244 
questions changing with time, 244-

247 
style and format concerns, 242 
types of multiple choice items, 

240-242 
upcoming projects, 247-249 

writing options, 242 
writing stem, 242 

Examinations Institute 
history, 238-239 
selection and approval of 

committee members, 243-244 
upcoming projects, 247-249 

Excitement, studying quantum 
mechanics, 163 

Exercise, terms, 157-158 
Expectations, studying quantum 

mechanics, 161-165 
Experiential learning, physical 

chemistry, 105 
Experimental physical chemistry, 

emphasizing, 5 
Expository, laboratory instruction, 97-

98 

F 

Faculty assessment, materials, 262-
263 

Faculty support, physical chemistry 
projects, 183-184 

Field notes, quantum mechanics study, 
158-159 

First law of thermodynamics, course 
content, 16-17 

Fluorescence, laboratory experiments, 
119,121/ 

Framework 
computer models, 195-196 
constraints on system, 255-256 
goals of first course, 255 
teaching physical chemistry, 254-

256 
Free energy, entropy and, 86 

G 

Galvanic cells, electrochemistry, 87-
89 
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Gases 
argon behaving as ideal, 201 
ideal gas law, 200 
Odyssey simulations of non-ideal, 

216,218/ 
real gas behavior, 200-201 
Virtual Substance, 202/ 

Gas properties, laboratory 
experiments, 137/ 

Gentisic acid, tautomerism, 229,231 
Geometry optimization, failed, for 

proton transfer tautomer, 231,232/ 
Georgia Southern 

assessment, 292-293 
chemical kinetics, 286 
Chemistry Department, 281-282 
constraints of topical order, 291— 

292 
continuous average formula, 288-

289 
course outline, 297 
kinetics, 282-283 
kinetic theory, 284-285 
laboratory, 287 
Maxwell-Boltzmann speed 

distribution, 288-290 
ordering of topics, 288-291 
planting seeds, 288-291 
quantum chemistry and 

thermodynamics, 283-284 
removing barriers to learning, 282-

283 
teaching physical chemistry, 284-

291 
transition state theory (TST), 286 
See also Teaching 

Gibbs free energy, thermodynamics, 
86 

Gibbs potential, course content, 18 
Goals 

first course in physical chemistry, 
255 

physical chemistry class, 29-30 
Grading 

homework, 36 

physical chemistry class, 36-37 
Graduate school, qualifying exams, 

178-179 
Graphics, physical chemistry course, 

51-53 
Graphite, educational opportunities for 

carbon, 41 
Guided-inquiry processes 

physical chemistry, 6 
See also Process-oriented guided-

inquiry learning (POGIL) 
Guides, course content, 12-15 

H 

Hands-on approach, computational 
laboratory, 232-232 

Harmonic oscillator 
internuclear separation and velocity 

as function of time, 225/ 
potential, kinetic and total energy, 

226/ 
trajectory calculation, 223, 224/ 

Heat 
differentiating from temperature, 

84-85 
term, 85 

Heat capacity, laboratory experiments, 
136/ 

Hermeneutics, quantum mechanics 
study, 160 

Hexagonal ice, Odyssey simulations, 
211,212/ 

Higher-order cognitive skills (HOCS), 
problem solving, 94, 97 

Homework, physical chemistry class, 
36 

Human constructivism, theory, 77-78 
Hydrogen atom, course content, 25 

I 

Ice, Odyssey simulations, 211,212/ 
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Ideal gas law, Virtual Substance, 200 
Index cards, quantum mechanics 

study, 159 
Inductively coupled plasma (ICP), 

laboratory experiments, 125, 126/ 
Infrared spectroscopy, laboratory 

experiments, 134/ 
Inorganic chemistry, quantum 

mechanics, 61 
Inquiry, laboratory instruction, 97-

98 
Institutional goals, guiding course 

content, 14-15 
Instruction modules 

carbon clusters, 181 
C1 2 0 4 in stratosphere, 180 
Contrails project, 182 
faculty support, 183-184 
modeling stratospheric ozone 

chemistry, 181-182 
"Physical Chemistry with a 

Purpose", 184 
projects in general, 182-185 
scheduling, 183 
See also Physical chemistry 

curriculum 
Instrumental learning, quantum 

mechanics study, 167 
Instrumentation, experiments 

involving modern, 118-125 
Integrated laboratories, experiments, 

131, 133/ 
Interdisciplinary laboratory, 

experiments, 131, 133/ 
Interferometry, laboratory 

experiments, 120, 122/ 
Internal pressure, Virtual Substance, 

202/ 
Internet 

classroom tools, 35 
Virtual Substance, 205 

Interviews, quantum mechanics study, 
160 

Introduction to Physical Chemistry, 
Creighton University, 301-302 

Journal of Chemical Education 
nanowires, 42 
teaching physical chemistry, 35 
teaching with technology, 100 

Journal of Physical Chemistry A/B, 
separation of papers, 178 

K 

Kinetic-molecular theory, Odyssey 
simulations, 213, 216 

Kinetics 
context-based approaches, 99 
course content, 22 
laboratory experiments, 138/, 139/ 
selected problems in chemical, 257/ 
sequence of topic, 33 

Kinetic theory 
laboratory experiments, 136 / 
Odyssey simulations, 211,213/ 

214/ 
removing barriers to learning, 282-

283 
teaching at Georgia Southern, 284-

285,294 
teaching early in physical 

chemistry, 282 
Virtual Substance, 202 / 

L 

Laboratory 
atomic force microscopy (AFM) 

experiments, 123, 126/ 
atomic spectroscopy experiments, 

134/ 
book including modern, in 

curriculum, 115-116 
calorimetry experiments, 136/ 
capillary electrophoresis 

experiments, 125, 126/ 
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catalysis experiments, 139/ 
chemical education research in 

physical chemistry, 117-118 
cometary spectroscopy, 131, 132/ 
computational methods, 220-221, 

232-232 
computers in physical chemistry, 

125, 127-128 
Creighton University, 302-303 
cyclic voltammetry experiments, 

124-125, 126/ 
development of experiments, 139-

140 
differential scanning calorimetry 

(DSC) experiments, 125, 126/ 
electrochemical study of 

commercial soap, 131, 132/ 
electronic structure experiments, 

135/ 
electron paramagnetic resonance 

(EPR) experiments, 123, 124/ 
environmental issues, 129, 131, 

132/ 
equilibrium experiments, 137/ 
experiments with modern 

instrumentation, 118-125 
fluorescence experiments, 119, 

121/ 
Georgia Southern, 287 
heat capacity experiments, 136/ 
inductively coupled plasma (ICP) 

experiments, 125, 126/ 
infrared spectroscopy experiments, 

134/ 
integrated laboratories, 131, 133/ 
interferometry, 120, 122/ 
kinetics experiments, 138/, 139/ 
laser experiments, 119-120,121/, 

122/ 
light scattering experiments, 120, 

122/ 
liquid crystals, 129, 130/ 
luminescence spectroscopy 

experiments, 135/ 

magnetic resonance experiments, 
120-121, 123, 124/ 

mass spectrometry (MS) 
experiments, 123-124, 126/ 

matrix isolation experiments, 125, 
126/ 

modern materials, 128-129, 130/ 
nanoparticles, 128, 130/ 
new developments based on 

education research, 119/ 
nuclear magnetic resonance (NMR) 

experiments, 120-121, 123, 124/ 
oscillating reactions experiments, 

139/ 
phase transfer catalysts, 131, 132/ 
phase transition experiments, 136/ 
photochemistry experiments, 139/ 
physical chemistry, 37-38 
physical chemistry of biological 

systems, 129, 132/ 
Physical Chemistry Online (PCOL) 

project, 118 
polymers, 129, 130/ 
process-oriented guided inquiry 

learning (POGIL), 271,272/ 
properties of gases, liquids, solids, 

solutions and mixtures, 137/ 
quartz crystal microbalances 

experiments, 125, 126/ 
Raman spectroscopy experiments, 

120, 122/, 134/ 
reviewing developments in 

physical chemistry, 116 
revisions, 118 
scanning tunneling microscopy 

(STM) experiments, 123, 126/ 
self-assembled monolayers 

(SAMS), 128, 130/ 
supercritical phenomena, 131, 132/ 
supramolecular systems, 128, 130/ 
symbolic mathematics engines, 

188-189 
thermodynamic parameters, 120, 

122/ 
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thermodynamics experiments, 136/, 
137/ 

thermodynamics of heat pumps, 
131, 132/ 

traditional experiments, 133, 134/, 
135/, 136/, 137/, 138/, 139/ 

transient absorption experiments, 
119-120, 121/ 

visible/ultraviolet absorption 
spectroscopy experiments, 135/ 

work in physical chemistry, 97-98 
X-ray diffraction (XRD) 

experiments, 124, 126/ 
See also Computational laboratory 

Lasers 
fluorescence experiments, 119, 

121/ 
interferometry experiments, 120, 

122/ 
laboratory experiments, 119-120 
light scattering experiments, 120, 

122/ 
physical chemistry course, 50 
Raman experiments, 120, 122/ 
thermodynamics experiments, 120, 

122/ 
transient absorption experiments, 

119-120, 121/ 
Learning 

factors enhancing, by students, 4 
process of, and content, 102-103 
removing barriers to, 282-283 
role of meaningful, 80 
science-based, environments, 209 
scientific teaching, 106 
theories, 105 
Virtual Substance, 203-204 
See also Process-oriented guided-

inquiry learning (POGIL) 
Light emitting diodes (LEDs), 

nanotechnology, 42 
Light scattering, laboratory 

experiments, 120, 122/ 
Liquid crystals, laboratory 

experiments, 129, 130/ 

Liquid properties, laboratory 
experiments, 137/ 

Lower-order cognitive skills (LOCS), 
problem solving, 94, 97 

Luminescence spectroscopy, 
laboratory experiments, 135/ 

M 

Macroscopic topics 
activated processes, 22-23 
chemical equilibria, 20 
chemical kinetics, 22 
equations of state, 19-20 
first law and thermodynamic 

changes, 16-17 
Gibbs potential, 18 
mathematical preparation, 18-19 
modern physical chemistry course, 

15 
phase equilibria, 20-21 
time-dependent processes, 21 
transport properties, 21-22 
work, 17 

Magnetic resonance 
laboratory experiments, 120-121, 

123,124/ 
physical chemistry course, 49-

50 
Marginal materials, examples, 262, 

264/ 
Mass spectrometry (MS), laboratory 

experiments, 123-124, 126/ 
Materials 

assessment, 262-263, 265 
context-rich, 258-259 
Culture of Chemistry, 261-262, 

263/ 
examples of problems with varying 

levels of context, 260/ 
experiments using modern, 128-

129, 130/ 
faculty assessment, 262-263 
future, 265 
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marginalia from Culture of 
Chemistry, 262, 264/ 

strategies for developing new, 259, 
261 

student assessment, 263, 265 
See also Curriculum 

Math Concepts in Chemistry 
Creighton University, 299-301 
topics, 300/ 

Mathematical ability, problem solving, 
103 

Mathematical modeling, molecular 
orbitals, 90 

Mathematical operations, proficiency, 
96 

Mathematical preparation, course 
content, 18-19 

Mathematics 
physical chemistry, 83-84 
programs, 195 

Matrix isolation, laboratory 
experiments, 125, 126/ 

Maxwell-Boltzmann speed 
distribution, learning kinetic 
theory, 282, 285,288-290 

Meaningful learning, physical 
chemistry, 80 

Mechanistic chemistry, philosophy, 
68-69 

Memorization 
quantum mechanics study, 167 
vs. learning concepts, 169 

Memory capacity, problem solving, 
94-95 

Mental capacity, problem solving, 94-
95 

Mentors, use of class time, 34 
Meta-analysis 

educational research, 79 
statistical method, 96 

Microscopic topics 
chemical bonding, 25 
hydrogen atom, 25 
interrogating quantum world, 25-

26 

modern physical chemistry course, 
16 

nanoworld, 23-24 
particle in box, 24-25 
quantum world, 24 
spectroscopy, 25-26 
statistical thermodynamics, 23 

Misconceptions 
orbitals and configurations, 93 
science education research, 103— 

104 
Mixtures properties, laboratory 

experiments, 137/ 
Model building interface, Virtual 

Substance, 197, 198/ 
Models 

computational chemistry, 4-5 
creation, 168-169 
role in science education, 80-81 
stratospheric ozone chemistry, 

181-182 
term, 168 
See also Simulations 

Modules. See Physical chemistry 
curriculum 

Molecular dynamics 
computational chemistry 

laboratory, 222-229 
computers in laboratory, 127 
harmonic oscillator, 223,224/ 
trajectory calculation, 222-223 
See also Virtual Substance 

Molecular mechanics, physical 
chemistry curriculum, 5 

Molecular orbitals (MOs) 
modern concepts of, 91 
quantum chemistry, 89-93 

Molecular structure, hexagonal ice, 
211,212/ 

Morse oscillator 
calculation for anharmonic, 227/ 
internuclear separation and velocity 

as function of time, 225/ 
trajectory calculation, 223, 225, 

227/ 
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Motivation, learning physical 
chemistry, 82 

Multimedia, physical chemistry 
course, 51-53 

Multiple choice 
advantages and disadvantages, 

240 
content guidelines, 241 
examinations, 239-240 
item-writing guidelines, 241— 

242 
style and format concerns, 242 
types of, items, 240-242 
writing options, 242 
writing stem, 242 

N 

"Nano", buzzword in physical 
chemistry, 2 

Nanoparticles, laboratory experiments, 
128, 130/ 

Nanoscale Science and Engineering 
Education (NSEE) initiative, 
nanotechnology, 42 

Nanotechnology 
educational opportunities for 

carbon, 41 
integration of research and 

education, 43 
light emitting diodes (LEDs), 42 
National Nanotechnology 

Initiative, 40-41 
physical chemistry course, 50/, 51 
physical chemistry curriculum, 41 
rapidly moving field, 42 
role of defects, 41 
scanning probe microscopes, 42 

Nanotechnology in Undergraduate 
Education (NUE) program, 
nanotechnology, 42 

Nanoworld, course content, 23-24 
National Institutes of Health (NIH), 

guiding course content, 14 

National Nanotechnology Initiative, 
physical chemistry curriculum, 40-
41 

National Science Foundation (NSF) 
guiding course content, 14 
nanotechnology objectives, 42 

Non-emergent chemistry, philosophy, 
68-69 

Non-ideal gases, Odyssey simulations, 
216,218/ 

Nuclear magnetic resonance (NMR) 
laboratory experiments, 120-121, 

123, 124/ 
physical chemistry course, 49-50 

Numerical accuracy, Virtual 
Substance, 200-201 

Numerical calculations, 
thermodynamics, 86 

Numerical examples, quantum 
mechanics expectations, 162-163 

Objectives, physical chemistry class, 
29-30 

Objectivism, constructivism, 77 
Odyssey 

ability to influence simulations, 
211 

atomistic simulations, 210 
kinetic energy, 211, 213/ 214/ 
kinetic energy distribution of CO 

calculated by, 213/214/ 
physical chemistry applications, 

211,213,216 
simulations of non-ideal gases, 216, 

218/ 
speed and kinetic energy 

distributions for gas mixture, 
215/ 

teaching program, 209 
See also Simulations 

On-line, classroom tools, 35 
Ontological reduction 
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epistemological and, 61-62 
Le Poidevin, 65 
science, 62-63 

Orbitals 
atomic, (AOs), 89-93 
aufbau principle, 91-92 
misconceptions, 93 
molecular, (MOs), 89-93 
quantum chemistry, 90 

Oscillating reactions, laboratory 
experiments, 139/ 

Ozone chemistry, modeling 
stratospheric, 181-182 

P 

Paper topics, Journal of Physical 
Chemistry A/B, 178 

Particle in a box, course content, 24-
25 

Pedagogical content knowledge 
(PCK), instruction 
recommendation, 102-103 

Periodic system 
explanation by quantum mechanics, 

60 
Le Poidevin's approach to 

elements, 63 
Personal constructivism, theory, 77 
Phase diagrams, Virtual Substance, 

202/ 
Phase equilibria 

course content, 20-21 
process-oriented guided inquiry 

learning (POGIL), 274-279 
Phase transfer catalysts, laboratory 

experiments, 131, 132/ 
Phase transitions, laboratory 

experiments, 136/ 
Phenomenography 

educational research, 79 
quantum mechanics study, 160— 

161 
Philosophy 

approach for reducing chemistry to 
physics, 60-61 

British Emergentism, 69 
chemistry and physics, 60 
combinatorialism, 63-64 
dependence relationship, 67-68 
emergentists, 68-69 
epistemological and ontological 

reduction, 61-62 
explanation of periodic system by 

quantum mechanics, 60 
Le Poidevin and ontological 

reduction, 65 
Le Poidevin approach, 63-67 
mechanistic (non-emergent) 

chemistry, 68-69 
ontological reduction, 62-63 
periodic system of elements, 63 
physicalism and McLaughlin's 

analysis of emergentism, 67-70 
quantum mechanical theory, 69-70 
reduction of chemistry to physics, 

59-60 
teaching, 280-281 

Photochemistry, laboratory 
experiments, 139/ 

Physical chemistry 
biological systems, 129, 132/ 
buzzword "nano", 2 
challenge, 254 
challenges of teaching, 2-3 
classroom time, 5-6 
computational chemistry models, 

4-5 
computational methods, 220 
conceptual understanding, 80 
constraints on system, 255-256 
dynamic and growing field, 1-2 
experimental emphasis, 5 
factors for student learning, 4 
factors in learning, 81-83 
goals of first course, 255 
Introduction to Physical Chemistry 

at Creighton University, 301— 
302 
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mathematics and, 83-84 
meaningful learning, 80 
modernizing curriculum, 1 
philosophy of chemistry, 3 
problem solving in, 93-97 
reform, 237-238 
road map to future, education, 6 
science media, 208 
students guiding course content, 

12-13 
survey results, 296 
Virtual Substance, 195 
See also Course content; 

Educational research; Georgia 
Southern; Process-oriented 
guided-inquiry learning 
(POGIL) 

Physical chemistry courses 
approach, 31-32 
central equations, 53-54 
challenges and opportunities, 48-

51 
choice of textbook, 38 
choice of topics, 32-33 
classroom tools, 34-35 
comparing American and British 

systems, 44-45 
comparing thermodynamics first 

(T-first) and quantum first (Q-
first), 45-47 

computation, 49 
current experimental motivators, 

50/ 
decisions, 29 
diffraction, 50 
examinations and quizzes, 35-36 
goals and objectives, 29-30 
grading, 36-37 
homework, 36 
impact of biology, 47-48 
laboratory, 37-38 
lasers, 50 
magnetic resonance, 49-50 
multimedia and graphics, 51-53 
order, 45-47 

population of class, 30-31 
purpose, 178-179 
relating to students, 34 
sequence of topics, 33 
time, 31 
use of class time, 33-34 

Physical chemistry curriculum 
chemical kinetics, 190 
choosing symbolic mathematics 

applications, 187-189 
computational chemistry, 190 
context rich instruction modules, 

180-185 
context-rich materials, 258-259 
Contrails project, 182 
documents for quantum chemistry 

semester, 188 
documents for thermodynamics 

course, 188 
elements when changing, 179 
faculty support, 183-184 
graduate school examinations, 178— 

179 
modeling stratospheric ozone 

chemistry, 181-182 
module "C1 2 0 4 in the Stratosphere", 

180 
new directions, 189-190 
"Physical Chemistry with a 

Purpose", 184 
projects, 182-185 
projects with content area, 184/ 
purpose of physical chemistry 

course, 178-179 
scheduling, 183 
spreadsheets, 185-186 
study of carbon clusters, 181 
symbolic mathematics engines 

(SME), 186, 187/ 
using digital resources, 185— 

190 
why use SME in, 187 

"Physical Chemistry Developing a 
Dynamic Curriculum", laboratory, 
115-116 
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"Physical Chemistry in Practice", 
series of DVDs, 117 

Physical Chemistry Online (PCOL) 
project, laboratory experiments, 
118 

"Physical Chemistry with a Purpose", 
projects, 184 

Physics 
approach of reduction of chemistry 

to, 60-61 
relationship to chemistry, 59-60 

Piagetian theory, science education, 
76 

"Plug and chug" problems, physical 
chemistry homework, 36 

Polymer modeling, Virtual Substance, 
202/ 

Polymers, laboratory experiments, 
129, 130/ 

Population, physical chemistry class, 
30-31 

Positivism, constructivism, 77 
Pressure dependence, phase equilibria, 

274-279 
Problems 

physical chemistry homework, 36 
problem beginning with, 256-258 
selected, in chemical kinetics, 257/ 
terms, 157-158 

Problem solving 
laboratory instruction, 97-98 
mathematical ability, 103 
physical chemistry, 93-97 

Problem-solving mindset 
behaviors of students, 165-167 
context of, study, 156-157 
definitions of terms, 157-158 
desiring to learn useful 

information, 164-165 
expectations of students, 161-165 
failing to recognise creative nature 

of science, 168-169 
impeding conceptual learning, 168 
importance, 170 

instruction and assessment, 171 
instrumental learning, 167 
learning quantum mechanics, 161 
memorization, 167 
memorizing vs. learning concepts, 

169 
model creation, 168-169 
numerical examples, 162-163 
over-reliance, 171 
student strategies, 165-167 
"true" and "correct" values, 163-

164 
See also Quantum mechanics 

Problem solving skills, Virtual 
Substance, 203-204 

Process-oriented guided-inquiry 
learning (POGIL) 
charge transfer experiment, 272-

273 
class period, 269-270 
classroom activity, 269 
constructionist view, 268-269 
critical thinking questions (CTQs), 

270, 274-278 
implementation of principles, 

269 
laboratory experiences, 271 
laboratory schedule, 272/ 
phase equilibria, 274-279 
physical chemistry activities, 270-

271 
teaching, 102 
temperature and pressure 

dependence of phase equilibria, 
274-279 

typical thermodynamics activity, 
270,274-279 

Programs, science-based learning 
environments, 209 

Properties of gases, liquids, solids, 
solutions and mixtures, laboratory 
experiments, 137/ 

Proton transfer, computational 
methods, 229,231-232 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



328 

Q 

Quantitative methods, educational 
research, 79 

Quantum chemistry 
documents for, 188 
subfield of physical chemistry, 89-

93 
symbolic mathematics engines, 188 
teaching in physical chemistry, 

283-284 
Quantum first (Q-first), order of 

physical chemistry course, 45-47 
Quantum mechanical theory, 

philosophy, 69-70 
Quantum mechanics 

background in learning, 158 
behaviors of students, 165-167 
context of studying problem-

solving mindset for, 156-157 
data analysis, 161 
desiring to learn useful material, 

164-165 
enthusiasm and excitement of 

students, 163 
exercise and problem terms, 157-

158 
expectations, 161-165 
explanation of periodic system, 60 
failing to recognize creative nature 

of science, 168-169 
field notes, 158-159 
frameworks for study, 160-161 
hermeneutics, 160 
importance of problem solving, 170 
index cards, 159 
inorganic chemistry, 61 
instruction and assessment, 171 
instrumental learning, 167 
interviews, 160 
memorization, 167 
memorizing vs. learning concepts, 

169 
methods for data collection, 158— 

160 

model creation, 168-169 
models, 168 
numerical examples expectation, 

162- 163 
phenomenography, 160-161 
problem-solving mindset, 161 
problem-solving mindset impeding 

conceptual learning, 168 
sequence of topic, 33 
strategies by students, 165-167 
superficial understanding, 156 
teaching physical chemistry, 293-

294 
theory of learning and education, 

170 
true and correct values expectation, 

163- 164 
tutoring sessions, 159 

Quantum theory, core equations, 53, 
54/ 

Quantum world 
chemical bonding, 25 
course content, 24 
hydrogen atom, 25 
interrogating, for course content, 

25-26 
microscopic topics, 16 
particle in box, 24-25 

Quartz crystal microbalances, 
laboratory experiments, 125, 
126/ 

Questions 
changing over time, 244-247 
See also Examinations 

Quizzes, physical chemistry class, 35-
36 

R 

Radial distribution function, cluster 
dynamics, 228,230/ 

Radical constructivism, theory, 77 
Raman spectroscopy, laboratory 

experiments, 120, 122/, 134/ 
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Rear gas behavior, Virtual Substance, 
200-201 

Realism, constructivism, 77 
Reduction 

chemistry to physics, 59-60 
epistemological and ontological, 

61-62 
Reform, physical chemistry, 237-238 
Relativism, constructivism, 77 
Repeating courses, learning physical 

chemistry, 82 
Research, integration of, and 

education, 43 
Rote learning, physical chemistry, 80 

S 

Sample generated substance, Virtual 
Substance, 197, 198/ 

Scanning probe microscopes, 
nanotechnology, 42 

Scanning tunneling microscopy 
(STM), laboratory experiments, 
123,126/ 

Scheduling, physical chemistry 
projects, 183 

Schrodinger equation, quantum 
chemistry, 92-93 

Science 
learning environments, 209 
See also Educational research 

Science education 
conceptual understanding, 80 
factors in learning physical 

chemistry, 81-83 
meaningful learning, 80 
methods of educational research, 

78-79 
physical chemistry and, 79-84 
role of models, 80-81 
theories, 76-79 

Science media, simulations, 208 
Scientific reasoning, problem solving, 

94-95 

Scientific teaching, learning strategy, 
106 

Self-assembled monolayers (SAMS), 
laboratory experiments, 128, 130/ 

Sequence of topics, physical chemistry 
class, 33 

Simulations 
atomistic, 209-211 
curriculum developers, 208 
energy as function of temperature, 

216,217/ 
kinetic energy distribution by 

Odyssey, 213/214/ 
kinetic-molecular theory, 213, 216 
kinetic theory, 211,213 
molecular structure of hexagonal 

ice, 212/ 
Odyssey, of non-ideal gases, 216, 

218/ 
physical chemistry applications, 

211,213,216 
science-based learning 

environments, 209 
science media, 208 
speed distribution and kinetic 

theory distribution by Odyssey, 
215/ 

thermal motion, 211,212/ 
Virtual Substance, 197, 199/ 

Soap, electrochemistry experiment, 
131, 132/ 

Social-cultural constructivism 
active and cooperative learning, 

101 
theory, 77 

Socratic method, use of class time, 34 
Software 

classroom tools, 34 
Virtual Substance, 205 
See also Virtual Substance 

Solid properties, laboratory 
experiments, 137/ 

Solutions properties, laboratory 
experiments, 137/ 

Spectroscopy 
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course content, 25-26 
sequence of topic, 33 

Spreadsheets, digital resources in 
physical chemistry, 185-186 

Statistical mechanics, sequence of 
topic, 33 

Statistical thermodynamics, course 
content, 23 

Storyboarding, science-based learning 
environments, 209 

Strategies, studying quantum 
mechanics, 165-167 

Stratospheric ozone chemistry, 
instruction module, 181-182 

Structure (quantum theory), core 
equations, 53, 54/ 

Student audience 
guiding course content, 12-13 
relating to, 34 

Student comments, Virtual Substance, 
204 

Student evaluation 
computational laboratory, 232 
physical chemistry, 263, 265 

Student knowledge, assessing, 5-6 
Student learning, factors enhancing, 4 
Student preparation, guiding course 

content, 13-14 
Study skills, learning physical 

chemistry, 82 
Success, learning physical chemistry, 

83 
Supercritical phenomena, laboratory 

experiments, 131, 132/ 
Supramolecular systems, laboratory 

experiments, 128, 130/ 
Surface science, physical chemistry 

course, 50/, 51 
Survey results, physical chemistry, 

296 
Symbolic mathematics engines (SME) 

choosing applications, 187-189 
content areas, 187/ 
digital resources in physical 

chemistry, 186, 187/ 

using in physical chemistry 
courses, 187 

Symbolic models, science education, 
81 

Task Force on Chemical Education 
Research, American Chemical 
Society (ACS), 76 

Tautomerization, computational 
methods, 229, 231-232 

Teaching 
active and cooperative learning, 

101-102 
assessment, 292-293 
Chemistry Department at Georgia 

Southern, 281-282 
constraints on topical order choice, 

291-292 
context-based approaches, 98-99 
framework, 254-256 
kinetics, 282-283 
methods at Georgia Southern, 281— 

284 
philosophy, 280-281 
physical chemistry, 2-3 
physical chemistry at Georgia 

Southern, 284-291 
physical chemistry survey results, 

296 
quantum chemistry and 

thermodynamics, 283-284 
removing barriers to learning, 282-

283 
summary, 293-295 
using technology, 99-101 
See also Creighton University; 

Georgia Southern; Process-
oriented guided-inquiry learning 
(POGIL); Simulations 

Teamwork, use of class time, 33-
34 

Technology, teaching with, 99-101 
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Temperature, differentiating from 
heat, 84-85 

Temperature dependence, phase 
equilibria, 274-279 

Tension, physical chemistry, 254 
Testing. See Examinations 
Textbooks 

choice for physical chemistry, 38 
physical chemistry homework, 36 

The American Journal of Physics 
teaching and learning quantum 

mechanics, 156 
See also Quantum mechanics 

Thermal motion, ice, 211,212/ 
Thermodynamics 

atomistic simulation approach, 210 
"canonical" representations, 86-87 
chemical equilibria, 20 
concepts using Virtual Substance, 

197,200 
context-based approaches, 99 
core equations, 53, 54/ 
documents for, 188 
enthalpy changes, 85 
entropy and free energy, 86 
equations of state, 19-20 
equilibrium and fundamental, 85 
first law and changes in courses, 

16-17 
Gibbs free energy, 86 
heat and temperature, 84-85 
heat and work, 85 
heat pump experiments, 131,132/ 
laboratory experiments, 120, 122/, 

136/, 137/ 
macroscopic topics, 15 
numerical calculations, 86 
phase equilibria, 20-21 
process-oriented guided-inquiry 

learning (POGIL), 270, 274-
279 

reducing classical, to statistical 
mechanics, 61 

sequence of topic, 33 
statistical, in course content, 23 

subfield of physical chemistry, 84-
87 

symbolic mathematics engines, 188 
teaching in physical chemistry, 

283-284 
transport properties, 21-22 
See also Virtual Substance 

Thermodynamics first (T-first), order 
of physical chemistry course, 45-
47 

Time 
physical chemistry class, 31 
use of class, 33-34 

Time-dependent processes 
activated processes, 22-23 
chemical kinetics, 22 
course content, 21 

Tools, physical chemistry class, 34-35 
Topic choice 

constraints on ordering, 291-292 
ordering at Georgia Southern, 288-

291 
physical chemistry class, 32-33 

Topics 
Introduction to Physical Chemistry 

at Creighton University, 302/ 
Math Concepts in Chemistry at 

Creighton University, 300/ 
Transient absorption, laboratory 

experiments, 119-120, 121/ 
Transition state theory, teaching at 

Georgia Southern, 286, 288 
Transport properties, course content, 

21-22 
"True" values, quantum mechanics 

expectation, 163-164 
Tutoring sessions, quantum mechanics 

study, 159, 166 

U 

University of Michigan 
computational chemistry 

laboratory, 221-222 
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See also Computational laboratory 
Useful information, quantum 

mechanics expectation, 164-165 

V 

Velocity autocorrelation function, 
cluster dynamics, 229, 230/ 

Virtual Substance 
availability, 205 
framework for using computer 

models, 195-196 
ideal gas law, 200 
incorporating software in 

chemistry, 196-197 
model building interface, 198/ 
molecular dynamics program, 194— 

195 
numerical accuracy, 201, 202/ 
problem solving skills, 203-204 
real gas behavior, 200-201 
sample generated substance, 198/ 
simulation interface, 197, 199/ 
student comments and evaluations, 

204 
student results from real gas 

experiments, 201, 202/ 
thermodynamic concepts using, 

197, 200 

thermodynamic properties, 201, 
203 

topics investigated with, 202/ 
Visible/ultraviolet absorption 

spectroscopy, laboratory 
experiments, 135/ 

W 

Water, energy as function of 
temperature, 216,217/ 

Web materials, teaching with 
technology, 100-101 

Word problems, mathematics and 
physical chemistry, 83 

Work 
course content, 17 
term, 85 

Working memory, problem solving, 
94-95 

Writing, examination, 242-244 

X 

X-ray diffraction (XRD), laboratory 
experiments, 124, 126/ 

In Advances in Teaching Physical Chemistry; Ellison, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 


	Title Page
	Half Title Page
	Copyright
	Foreword
	Advances in Teaching Physical Chemistry
	Chapter 1 Advances in Teaching Physical Chemistry: Overview
	References

	Chapter 2 What to Teach in Physical Chemistry: Is There a Single Answer?
	Preview
	Guides to content
	How then should the content of physical chemistry be guided by your student audience?
	Guides to content: current and future preparation
	Guides to content: departmental and institutional goals

	What content should be an irreducible minimum assuming a one-year course?
	An organizational scheme for a modern physical chemistry course
	Macroscopic
	Microscopic

	Macroscopic views

	Microscopic views
	Statistical thermodynamics
	The nanoworld
	The quantum world
	The particle in a box
	The H atom and chemical bonding
	Interrogating quantum: spectroscopy

	Summary
	References

	Chapter 3 Decisions in the Physical Chemistry Course
	Decisions, Decisions
	Goals and Objectives
	The Population of Your Physical Chemistry Class
	Time
	The Approach of the Course
	Choice of Topics
	The Sequence of Topics
	Use of Class Time
	Relating to Your Students
	Classroom Tools
	Examinations and Quizzes
	Homework
	Grading
	The Physical Chemistry Laboratory
	The Choice of a Textbook
	Summary
	References

	Chapter 4 Integrating Research and Education to Create a Dynamic Physical Chemistry Curriculum
	Acknowledgments
	References

	Chapter 5 The Evolution of Physical Chemistry Courses
	Introduction
	Other systems
	The order of the course
	The impact of biology
	The challenges and the opportunities
	Multimedia and graphics
	The central equations
	Conclusions

	Chapter 6 Philosophy of Chemistry, Reduction, Emergence, and Chemical Education
	Introduction
	How philosophers of science have approached the reduction of chemistry to physics
	Epistemological and Ontological Reduction
	Various responses
	Physicalism and McLaughlin's analysis of Broad's Emergentism
	Conclusions
	Notes
	References

	Chapter 7 Teaching and Learning Physical Chemistry: A Review of Educational Research
	Introduction
	Theories in Science Education
	Methods of Educational Research

	Physical Chemistry and Science Education
	The Role of Meaningful Learning and Conceptual Understanding
	The Role of Models
	Factors that Are Involved in Learning Physical Chemistry
	Mathematics and Physical Chemistry

	Educational Research in Various Subfields of Physical Chemistry
	Thermodynamics
	Electrochemistry
	Quantum Chemistry

	Problem Solving and Laboratory Work
	Problem Solving in Physical Chemistry
	Laboratory Work

	Innovative Methods of Teaching
	Context-Based Approaches
	Teaching with Technology
	Student Active and Cooperative Learning Methods

	Discussion and Recommendations for Instruction
	Acknowledgment
	References

	Chapter 8 Modern Developments in the Physical Chemistry Laboratory
	Introduction
	Complete Revisions and Chemical Education Based Approaches
	Chemical Education Research Related to the Physical Chemistry Lab

	Experiments Involving Modern Instrumentation
	Experiments Using Lasers
	Magnetic Resonance Experiments
	Atomic Microscopy, Mass Spectrometry, X-Ray Diffraction, Electrochemistry and Miscellaneous Techniques

	Computers in the Physical Chemistry Laboratory
	Experiments on Modern or Relevant Topics
	Materials: Nanoparticles, Self-Assembled Monolayers & Supramolecular Systems, Liquid Crystals and Polymers
	Current Topics: Physical Chemistry of Biological Systems
	Current Topics: Environmental and Miscellaneous Current Topics

	Integrated Laboratories
	Traditional Experiments
	Conclusions
	References

	Chapter 9 Existence of a Problem-Solving Mindset among Students Taking Quantum Mechanics and Its Implications
	Introduction
	Context of this Study
	Definitions of Terms
	Background
	Methods of Data Collection
	Frameworks for the Study
	Data Analysis
	The Problem-Solving Mindset
	Expectations
	Behaviors
	Discussion
	Summary
	References

	Chapter 10 Physical Chemistry Curriculum: Into the Future with Digital Technology
	Why a Physical Chemistry Course
	Direction Suggestion
	Context Rich Instruction Modules
	Cl2O4 in the Stratosphere
	Carbon Clusters
	Modeling Stratospheric Ozone Chemistry
	Contrails Project
	Projects in General

	Using Digital Resources in the Physical Chemistry Curriculum
	Spreadsheets
	Symbolic Mathematics Engines
	Why Use SME in Physical Chemistry Courses
	Choosing Symbolic Mathematics Applications
	New Directions

	Conclusion
	References

	Chapter 11 "Partial Derivatives: Are You Kidding?": Teaching Thermodynamics Using Virtual Substance
	Introduction
	A framework for using computer models
	What is Virtual Substance?
	Thermodynamic concepts studied using Virtual Substance
	Ideal Gas Law
	Real Gas Behavior
	Thermodynamic Properties
	Problem Solving Skills
	Student Comments and Evaluations
	Conclusions
	Acknowledgements
	References

	Chapter 12 Molecular-Level Simulations as a Chemistry Teaching Tool
	Science Media
	Science-Based Learning Environments
	Atomistic Simulations
	Physical Chemistry Applications
	Conclusions
	References

	Chapter 13 Introduction of a Computational Laboratory into the Physical Chemistry Curriculum
	Outline of the Course
	One Example: Molecular Dynamics Calculations
	A Simple One-Dimensional Trajectory
	Extension to Many Dimensions

	Extension to More Sophisticated Applications
	Student Evaluation
	Summary and Conclusions
	Acknowledgements
	References

	Chapter 14 The Effects of Physical Chemistry Curriculum Reform on the American Chemical Society DivCHED Physical Chemistry Examinations
	Physical Chemistry Reform
	History of the Examinations Institute and Physical Chemistry Examinations
	Why Multiple Choice Examinations?
	Types of Multiple Choice Items
	Process of Writing the Examination
	Question Change with Time
	Upcoming Projects
	Acknowledgements
	References

	Chapter 15 Walking the Tightrope: Teaching the Timeless Fundamentals in the Context of Modern Physical Chemistry
	The Challenge
	The Current Framework
	Goals of a First Course in Physical Chemistry
	Constraints on the System

	The Problem Begins with the Problems
	Do we really need to fix it?
	Context-Rich Materials
	Strategies for Developing New Materials
	Culture of Chemistry Materials
	Assessment
	Faculty
	Students

	Conclusions: Looking to the Future
	Acknowledgements
	References

	Chapter 16 The Process Oriented Guided Inquiry Learning Approach to Teaching Physical Chemistry
	References
	Temperature and Pressure Dependence of Phase Equilibria for Pure Phases
	Information
	Critical Thinking Questions
	Exercises
	Critical Thinking Questions
	Information
	Critical Thinking Questions
	Critical Thinking Questions
	Exercises


	Chapter 17 Teaching Physical Chemistry: Let's Teach Kinetics First
	The Philosophy of Teaching
	Why We Do It This Way
	Removing the Barriers to Learning
	More Arguments

	Physical Chemistry at Georgia Southern
	The Laboratory
	Planting Seeds

	Constraints on the Choice of Topical Order
	A Word on Assessment
	Summary
	References
	Appendix 1
	Appendix 2

	Chapter 18 Fitting Physical Chemistry into a Crowded Curriculum: A Rigorous One-Semester Physical Chemistry Course with Laboratory
	Math Concepts in Chemistry
	Introduction to Physical Chemistry
	Molecular emphasis

	Physical Chemistry Laboratory
	Elective Courses
	Assessment
	Conclusions
	Acknowledgements
	References

	Author Index
	Subject Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X


	Cit p_17_1:1: 
	Cit p_17_1:2: 
	Cit p_19_1:1: 
	Cit p_19_1:2: 
	Cit p_1_1:1: 
	Cit p_12_1:1: 
	Cit p_20_1:1: 
	Cit p_14_1:1: 
	Cit p_5_1:1: 
	Cit p_16_1:1: 
	Cit p_7_1:1: 
	Cit p_18_1:1: 
	Cit p_9_1:1: 
	Cit p_11_1:1: 
	Cit p_2_1:1: 
	Cit p_13_1:1: 
	Cit p_4_1:1: 
	Cit p_15_1:1: 
	Cit p_15_1:2: 
	Cit p_6_1:1: 
	Cit p_25_1:1: 
	Cit p_33_1:1: 
	Cit p_41_1:1: 
	Cit p_27_1:1: 
	Cit p_35_1:1: 
	Cit p_43_1:1: 
	Cit p_37_1:1: 
	Cit p_45_1:1: 
	Cit p_29_1:1: 
	Cit p_39_1:1: 
	Cit p_22_1:1: 
	Cit p_30_1:1: 
	Cit p_24_1:1: 
	Cit p_32_1:1: 
	Cit p_32_1:2: 
	Cit p_34_1:1: 
	Cit p_42_1:1: 
	Cit p_26_1:1: 
	Cit p_44_1:1: 
	Cit p_28_1:1: 
	Cit p_38_1:1: 
	Cit p_46_1:1: 
	Cit p_23_1:1: 
	Cit p_31_1:1: 
	Cit p_51_1:1: 
	Cit p_61_1:1: 
	Cit p_53_1:1: 
	Cit p_53_1:2: 
	Cit p_71_1:1: 
	Cit p_55_1:1: 
	Cit p_63_1:1: 
	Cit p_57_1:1: 
	Cit p_65_1:1: 
	Cit p_73_1:1: 
	Cit p_49_1:1: 
	Cit p_59_1:1: 
	Cit p_69_1:1: 
	Cit p_50_1:1: 
	Cit p_52_1:1: 
	Cit p_60_1:1: 
	Cit p_54_1:1: 
	Cit p_62_1:1: 
	Cit p_70_1:1: 
	Cit p_54_1:2: 
	Cit p_64_1:1: 
	Cit p_72_1:1: 
	Cit p_48_1:1: 
	Cit p_56_1:1: 
	Cit p_72_1:2: 
	Cit p_74_1:1: 
	Cit p_58_1:1: 
	Cit p_66_1:1: 
	Cit p_68_1:1: 
	Cit p_88_1:1: 
	Cit p_96_1:1: 
	Cit p_98_1:1: 
	Cit p_101_1:1: 
	Cit p_81_1:1: 
	Cit p_91_1:1: 
	Cit p_75_1:1: 
	Cit p_83_1:1: 
	Cit p_91_1:2: 
	Cit p_75_1:2: 
	Cit p_77_1:1: 
	Cit p_85_1:1: 
	Cit p_93_1:1: 
	Cit p_87_1:1: 
	Cit p_95_1:1: 
	Cit p_79_1:1: 
	Cit p_97_1:1: 
	Cit p_97_1:2: 
	Cit p_100_1:1: 
	Cit p_99_1:1: 
	Cit p_80_1:1: 
	Cit p_80_1:2: 
	Cit p_82_1:1: 
	Cit p_90_1:1: 
	Cit p_82_1:2: 
	Cit p_84_1:1: 
	Cit p_76_1:1: 
	Cit p_76_1:2: 
	Cit p_94_1:1: 
	Cit p_78_1:1: 
	Cit p_86_1:1: 
	Cit p_111_1:1: 
	Cit p_103_1:1: 
	Cit p_111_1:2: 
	Cit p_121_1:1: 
	Cit p_113_1:1: 
	Cit p_105_1:1: 
	Cit p_113_1:2: 
	Cit p_123_1:1: 
	Cit p_115_1:1: 
	Cit p_107_1:1: 
	Cit p_115_1:2: 
	Cit p_107_1:2: 
	Cit p_125_1:1: 
	Cit p_117_1:1: 
	Cit p_109_1:1: 
	Cit p_127_1:1: 
	Cit p_119_1:1: 
	Cit p_102_1:1: 
	Cit p_110_1:1: 
	Cit p_120_1:1: 
	Cit p_112_1:1: 
	Cit p_104_1:1: 
	Cit p_122_1:1: 
	Cit p_114_1:1: 
	Cit p_106_1:1: 
	Cit p_106_1:2: 
	Cit p_124_1:1: 
	Cit p_116_1:1: 
	Cit p_108_1:1: 
	Cit p_126_1:1: 
	Cit p_118_1:1: 
	Cit p_128_1:1: 
	Cit p_146_1:1: 
	Cit p_138_1:1: 
	Cit p_131_1:1: 
	Cit p_133_1:1: 
	Cit p_151_1:1: 
	Cit p_143_1:1: 
	Cit p_145_1:1: 
	Cit p_137_1:1: 
	Cit p_129_1:1: 
	Cit p_147_1:1: 
	Cit p_149_1:1: 
	Cit p_130_1:1: 
	Cit p_140_1:1: 
	Cit p_132_1:1: 
	Cit p_150_1:1: 
	Cit p_142_1:1: 
	Cit p_134_1:1: 
	Cit p_144_1:1: 
	Cit p_136_1:1: 
	Cit p_154_1:1: 
	Cit p_156_1:1: 
	Cit p_155_1:1: 
	Cit p_152_1:1: 
	Cit p_3_1:1: 


