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Preface

Today there is an unprecedented explosion of interest and experimental investi-
gation in the fields of biochemistry, physiology, and biophysical sciences. The
development of the techniques of molecular biology and immunology and the
availability of computer analysis have led to a phenomenally rapid pace in the
acquisition of new information, especially with respect to the biology of the
cell. As information relating to the control and integration of cellular processes
becomes available, more interest is turning toward understanding the interde-
pendence of cellular processes on a larger scale. The inevitable consequence of
this is the growing interdisciplinary nature of modern biochemical and bio-
physical studies. As the focus broadens, so does the base of researchers and
graduate students who are being attracted into these fields to pursue their inter-
ests in what was traditionally more the province of biology. This increased
diversity of backgrounds is good, but it carries with it a cost in the hetero-
geneity of the preparation of modern students. Not too many years ago, a can-
didate for graduate studies in biochemistry or biophysics was most likely to
have been a chemistry or physics major in undergraduate school and conse-
quently had been exposed to, if had not mastered, many of the intricacies of
physical processes and their treatment in quantitative terms. We have found in
our teaching over the last several years that entering students are less likely to
have been exposed to rigorous courses in physical chemistry and engineering
physics. However, the direction of modern biochemical and biophysical studies
is moving quickly toward areas where scientists will need to understand and use
the disciplines of surface chemistry. electrochemistry. quantum mechanics. nd
mathematical modeling to understand the molecular processes in cells and at
subcellular levels.

This textbook had its origins in a course entitled “Water and Its Properties”
taught in the Department of Biochemistry at Boston University School of Medi-
cime. Originally. the course was intended to instill in graduate students of bio-
chemistry, btophysics. and physiology some understanding of the ways in
which knowledge of solutions and solution thermodynamics could be used to
explain and to predict the behavior of cells. This is clearly necessary in modern
biochemistry if cellular events such as metabolic processes. stimulus responses.
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cellular differentiation, or the functional controls of cells are to be understood
and the effects of perturbations, of illnesses. of drugs, etc.. are to be quan-
titatively predicted. As the backgrounds of our students became more hetero-
geneous, we found that an increasing amount of prerequisite material needed to
be reviewed before the complexities of cellular processes could be system-
atically taught. It was from this need to level the ground and still provide a
challenging and meaningful graduate course leading to an appreciation of the
biophysical chemistry of cellular systems that this book was born. Therein lie
the reasons for the choice of material, the style of presentation. and the limita-
tions of the coverage of areas of interest in this volume. It 1s worth acknowl-
edging that we have in our minds the addition of a second volume to this text,
thereby extending both the breadth and the depth of coverage of the subject.

The text is designed to be used in a single-semester course in the first or
second year of graduate school but certainly could also form the basis of an
advanced course for undergraduates in biophysics or chemistry. The text as-
sumes that all students using it will be familiar with basic physics (including
electrostatics), general introductory inorganic and organic chemistry, and cell
biology. A background in physical chemistry is not presumed but is certainly
valuable. A knowledge of calculus and algebra is assumed, but students are not
expected to be particularly familiar with advanced areas such as partial differ-
ential calculus. '

Because the subsequent discussions in the second and third parts depend on a
thermodynamic vocabulary, the first part is a rather lengthy discussion of the
basic principles of equilibrium thermodynamics. Experience has taught many
teachers that students are usually left baffled by a single rigorous exposure to
thermodynamics. an exposure that we do assume all readers of this book have
had. We therefore have chosen to cover, in a semirigorous but conversational
tone, both old ground and some ground not traditionally taught extensively in
undergraduate sections on thermodynamics. The ideal use of the chapters on
thermodynamics would be as a study guide to a more traditional and rigorous
presentation of the subject, probably available already in a textbook in the
student’s library. The student or professor who already feels adequately pre-
pared in this area might opt to simply use these chapters as a quick refresher.

The second part of the book deals with the structure and behavior of solu-
tions of ions and molecules. The first chapter of the part begins with a qualita-
tive look at the structure and properties of bulk water. the substance most gen-
erally considered the solvent of biological systems. It is in the second part that
our dual teaching objectives will become apparent. We aim to discuss the treat-
ment of dilute and moderately concentrated homogeneous solutions of polar
and nonpolar molecules with a focus on the important role played by water as
the solvent. In addition, we attempt to demonstrate the principles used in model
building through the use of both thermodynamic cycles and mechanistic infor-
mation and then test the resulting models against empirical evidence. Because a
theory is only as good as its assumptions and only as valid as the experimental
evidence supporting it, great emphasis is placed on the analysis of assumptions
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and the examination of the effect of modifications in the model. Such an ap-
proach leads to an analysis of ion—solvent interactions starting with Born’s
hypothesis and of ion—ion interactions starting with Debye and Hiickel. We
then go on to discuss a solvent-structuic view of homogeneous solutions of
organic ions, small nonpolar organic molecules, and macromolecules.

Cells and cellular organisms are not dilute, homogeneous solution systems
however. The third part of the book builds on the first two as it extends the
physical principles necessary to understand the nonhomogencous and non-
equilibrium nature of biological processes. To understand the formation of the
cell membrane, the properties of systems containing both lipids and water are
examined. This is followed by a discussion of transport phenomena in terms of
both nonequilibrium thermodynamics and mechanistic models, the focus being
on diffusion and conduction. We believe that one of the most important frontier
interdisciplinary fields for the biological scientist is bioelectrochemistry. and so
we discuss in a qualitative fashion the structure and behavior of the electrified
regions at the juncture of phases. Finally, having laid the foundation for inter-
preting the behavior of cellular systems on the basis of principles of multi-
phasic, nonideal, surface-dominated physical chemistry, we consider the role of
biological membranes in terms of the forces acting at the membrane and the
constraints they impose on the behavior of the cetlular system.

We have included a limited number of questions for problem sets and review
and as well have attempted to assemble glossaries of formulas and terms so that
the reader needs only to go to other texts when interested in significantly
greater depth or encounters some area that needs significant remedial review.
Our hope is that this text will help both teachers and students in the field to be
able to appreciate, and inspire the use of, the powerful tools available through
the science of physical chemistry, and will serve to help prepare biological
scientists for the inevitable and exciting application of principles of materials
science, quantum mechanics, and electrochemistry to biological problems.

We would like to thank out colleagues and our students for their critiques of
our effort. Of all the friends and colleagues who aided our efforts, Dr. Cindy
MeCrone stands as the individual to be most credited for guiding this book to
its final completion. Without her eternal patience with the red pencil and uner-
ring sense of teaching clarity and style, this volume would be at best an uncut,
unpolished stone. It should be noted however that any errors remaining in this
book are entirely our own responsibility and in no way reflect on the readers
who were kind enough to evaluate the manuscript for us.

Boston, Massachusetts P.R. Bergethon
E.R. Simons



Contents

Preface

INTRODUCTION

Chapter |
Molecules, Membranes, and Modeling ......................

PART 1 REVIEW OF THERMODYNAMICS

Chapter 2

Thermodynamics: An Introductory Glance ............... .. ..

20, OVEIVICW. .o ottt
2.1.1, The First Law: “The Energy of the Universe Is Conserved™. . . ..
2.1.2.  The Second Law: “The Entropy of the Universe Increases™ . .. ..

2.2, Defining Thermodynamic Terms. . .......... .. ... ... ... .0,
2.2.1. Systems, Surroundings. and Boundarics. . ...................
2.2.2. Propertiecsof aSystem......... ... o e
2.2.3. Statc Functions and the State of a System ............... . ...
224, Changesin State. ........... i

2.3, Work

230, Eleetrical Work. .. ... .
2.3.2. Pressure—Volume Work
2.3.3. Mechanical Work . ... ... e
234, AReturntothe Laws. ..o o i i i e

Chapter 3

The First Law
3

e

ad Ha

Understanding the First Law

3.1.1. Specialized Boundaries as Tools ... ... ... Lo
3.1.2. Evaluating the Energy of a System . ... ... ... L
Derivation of the Heat Capacity .. ... ... .. ... ... ... ..

A System Constrained by Pressure: Defining Enthalpy

I

11
13
13
14
15
15
16
17
18
19
19
20
21

23
24
27
30
32



X Contents

Chapter 4
The Second Law ........... ... ... .. .. ... .. ... 35
4.1. Understanding the Second Law of Thermodynamics.................. 35
4.2. A Thought Problem: Designing a Perfect Heat Engine .. .............. 36
4.2.1. Reversible Versus lrreversible Path. .. ... ... ... ..., .. 36
422 ACamotCycle....... ... . .. .. 41
4.3.  Statistical Derivation of Entropy ... ......... ... ... .. 43
431, LimitsoftheSecondLaw ................................ 43
4.3.2, Statistical Distributions, . ... ... .. ... o oo 44
4.3.3. The Boltzmann Distribution. . ....... ... .. ... ... ... ..... .. 45
4.3.4. A Statistical Mechanical Problem in Entropy. ................ 46
44 TheThirdbLawandEntropy ....... ... ... ... ... ... ... ....i.o.... 50
Chapter 5
Free Energy . . ... ... . . 51
5.t. The Gibbs Free Energy .. .. ... it i 51
5.2. A Moment of Retrospection Beforc PushingOn ..................... 52
5.3. The Properties of the Gibbs Free Energy . ............0............. 53
5.4. Introduction of p, the Free Energy perMole. . ...................... 56
5.5. Transforming the General Ideal Equation to a General Rcal Equation.... 57
Appendix 5.1. Derivation of the Statement, gy ™ Gimev <o v v v v vr i 57
Chapter 6
Multiple-Component Systems. ... .......................... 59
6.1. New Systems. More Componemts ... ...................coeun.... 59
6.2. Chemical Potential and Chemical Systems . ......................... 60
6.2.1. Charactenistics of i ... 61
6.2.2.  An Immediate Biological Relevance of the Chemical Potential . . 62
6.3. The Entropy and Enthalpy and Free Energy of Mixing. . .............. 62
6.4. Frec Encrgy When Components Change Concentration. . .......... .. .. 64
6.4.1. A Side Trip: Derivation of a General Term, the Activity .. ... .. 65
6.4.2.  Activity of the Standard State .. .. ......................... 65
6.4.3. Returning to the ProblematHand. ......................... 66
6.5. The Thermodynamics of Galvanic Cells............................ 69
Chapter 7
Phase Equilibria. .. ......... .. ... ... .. 72
7.1, Principles of Phase Equilibria .. .................. ... ... ... 72
7.1.1. Thermodynamics of Transfer Between Phases................ 73
712, ThePhaseRule............................ e 74
7.2, Purc Substances and Colligative Properties . .. .. e 76
7.2.1. Colligative Properties and the Idcal Solution . ........ ....... 79
7.2.2. Measurements of the Activity Coefficient Using Colligative

Properties . ... .. ... ... 83
7.3, Surface Phenomena ... vt 83



Contents Xi

Appendix 7.1. Equilibrium Dialysis and Scatchard Plots ................... 87
Appendix 7.2. Derivation of the Clausius-Clapeyron Equation. . ............. 90
Appendix 7.3. Derivation of the van’t Hoff Equation for Osmotic Pressure . . . . 9%
Chapter 8
Engineering the Cell A Modeling Approach to
Biological Problem Solving . .............................. 92
PART I1 THE NATURE OF AQUEOUS SOLUTIONS
Chapter 9
Water: A Unique Structure, A Unique Solvent. ............... 99
9.1, INtroduCtion. . . ... ... it e 99
9.2, HydrogenBondsinWater.................. ... ..ccccciivivinn.n. 101
9.3. The Structure of Crystatline Water .. .................cciviuin.n. 105
9.4. Theories of the Structure of Liquid Water . ......................... 107
Chapter 10 }
Introduction to Electrolytic Solutions. . ...................... 109
10.1. Introduction to lons and Solutions. ... ......... ... .............. ... 109
10.}.1. The Nature of Electricity ... ..............cccviivian.... 110
10.2. Intermolecular Forces and the Energies of Interaction. ................ 1
10.3. The Nature of lonic Species ......................coiiiviini.., 118
Appendix 10.1. Derivation of the Energy of Interaction Between Two lons. . 121
Chapter 11
lon—Solvent Interactions . ... ............. ... ... ... ... 122
t1.1. Understanding the Nature of lon-Solvent Interactions Through Modeling 122
L OVerview. . ..o e 122
11.3.2. The BoomModel .. ..............................ccco.... 123
1.2, Adding Water Structure to the Continuumy . ......................... 130
11.3. The Energy of lon—-Dipole Interactions. . ........................... 132
11.4. Dipoles in an Electric Ficld: A Molecular Picture of Dielectric Constants 133
11.5. What Happens When the Dielectric Is Liquid Water? . ................ 140
H1.6. Extending the lon—Solvent Model Beyond- Born ..................... 143
11.7. Recalculating the Born Model . . ......... ... .. ................. 144
, 11.7.1. lon-Solvent Interactions in Biological Systems . . ... .......... 149
Appendix 11.1. Derivation of the Work to Charge and Discharge a Rigid
Sphere . ... 150
Appendix 11.2. Derivation of X,y = 47 (¢ — Guipoc) by Gauss’s Law . .. ... 151

Chapter 12
lon—-lon Interactions . ............. .. .. ., 152

120, 100100 IEEACtiONS . . . ..\t e e e e e e e 152



Xii Contents

12.2. Testing the Debye-Huckel Model. .. ... .. ..o oo oo 164
12.3. A More Rigorous Treatment of the Debye—Hickel Model ... ... 166
12.4. Consideration of Other Interactions. .. ... ... .. .. i, 168

12.4.1. Bjerrum and fon Pairs ... oo oo . 169
12,5, PCOSPOCUIVE L0ttt 170

Chapter 13

Molecules in Solution . . . ... .. ... L 171

§3.1. Solutions of Inorganic lons ... ... ..o 71

13.2. Solutions of Small Nonpolar Molecules .. .. ... .. 0 . 173

13.3. Solutions of Organic lons ... ... ... . L77
13.3.1. Solutions of Small Ovganic fons ... ... o 177
13.3.2. Solutions of Large Organmicons .. ... ... ... ... ... .. 178

Chapter 14

Macromolecules in Solution . ... ... . oo 181

14.1. Solutions of Macromolecules. . ... ... oo 181
14.1.1. Nonpolar Polypeptides in Solution ... .. ... ... 181
14.1.2. Polar Polypeptides in Solution. .. ... ... ... 186

14.2. Transitions of StalC. .. ... ... . i 191

PART III MEMBRANES AND SURF ACES

IN BIOLOGICAL SYSTEMS

Chapter 15

Lipids in Aqueous Solution:

The Formation of the Cell Membrane . ... ......... ... ... R ]

15.1 The Form and Function of Biological Membranes. .............. ... 201

15.2. Lipid Structure: Components of the Cell Membrane .............. ... 202

15.3. Aqucous and Lipid Phases in Comtaét. ... oo 208

15.4. The Physical Propertics of Lipid Membranes ... ... ... .0 212
15.4.1. Phasc Transitions in Lipid Membranes ... ... ... ... ... 212
15.4.2. Motion and Mobility in Membranes . ... ... 214

15.5. Biological Membranes: The Complete Picture ..o 237

Chapter 16

Irreversible Thermodynamics . ........... ... ... ... ... 219

16.1. Transport: An hreversible Process ... 219

16.2. Principles of Noncquilibsium Thermodynamies ... ... . 220

Chapter 17
Flow in a Chemical Potential Field: Dittusion . ............... 225



Contents

17.1. Transport Down a Chemical Potential Gradient .. .......... ... ... ...,
17.2. The Random Walk: A Molecular Picture of Movement

Chapter 18
Fiow tn an Electric Field: Conduction. .. ....................

18.1. Transport in an Electric Ficld
18.2. A Picturc of lonic Conduction. . .. ... ... .. .. ... ... . ... ... ...
18.3. The Empirical Obscrvations Concerning Conduction. . ... ... ..
18.4. A Sccond Look at lonic Conduction. . ................ e e
18.5. How Do Interionic Forees Affect Conductivity? ... ..oo .. oo ..
18.6. The Special Case of Proton Conduction

Chapter 19
The Electrified Interface

..................................

19.1. When Phases Meet: The Interphase. ... o oo
19.2. A More Detailed Examination of the Interphase Region. . ... .. ...
19.3. The Simplest Picture: The Helmholtz—Perrin Model
19.4. A Diffuse Layer Versus a Double Layer .. ... .. ... ... ... ... .. ...
19.5. Combining the Capacitor and the Diffuse Layers: The Stcrn Model .. ...
19.6. The Complete P:cturu of the Double Layer ... ... ... .. ...........

Chapter 20
Etectrokinetic Phenomena. .. ....... . ... . . .. ... ... . . ...

20.1. The Cell and Interphase Phenomena . ... ... . ... . oo
20.2. Electrokinetic Phenomena . ........ ... . . . ... .

Chapter 21
Colloidal Properties. .. ... ... e

2E.1. Collodal Systcins and the Electrified Interface .............. ... .....
21.2. Salting Out Revisited ... ..o o

Chapter 22 .
Forces Across Membranes . ... .. . e

22.1. Energetics. Kinetics, and Force Equations in Membranes. . ... .. ... ..
2241, Fhe Donnan Equilibrium ... o oo oo
22.1.2. Electric Fiefds Across Membrancs . ............ ............
22.1.3. Diffusion Potentials and the Transmembrane Potential . ... ... ..
22.1.4, Goldman Constant Field Equation. . ................... ...,
22.1.5. Electrostatic Profiles of the Membranc . .................. ...
22.1.6. The Electrochemical Potenual ... .. ... ... .o oL

22.2. Molecules Through Membranes: Permeation of the Lipid Bilayer .. ... ..
22.2.1. The Next Step: The Need for Some New Tools. ... ..

xiii

258



Xiv Conlets

APPENDICES

Appendix I  Further Reading List . ... .. B 30t
Appendix 11 Study Questions ............. .. ... L 304
Appendix 1l Symbols Used. . ...... P 308
Appendix IV Glossary ......... .. .. ... .. ... e 314
Index



Introduction






'CHAPTER |
Molecules, Membranes, and Modeling

Imagine yourself standing outside a country home en an early spring
morning just before dawn. Take a deep, breath and shiver to the taste of
the sweet morning air. Listen carefully to hear the chirping of morning
birds. As the sun reaches the horizon, glinting shafts of light reach your
eyes. Another deep breath and you feel a peace that comes from a res-
onance between you and the world at your doorstep. Your eyes close and
for a fleeting moment you understand the universe in its simplest most
basic terms. Savor that moment, for your eyes open again and now you
are drawn back to the reality—you are reading the introduction to a book
on physical chemistry. If you are mildly perturbed at being retusned to
this apparently less appealing reality, you have just demonstrated a fa-
cility with a key and exquisitely valuable tool in the study of science, the
Gedanken experiment (thought experiment). The use of thought trips will
be of fundamental importance in the approach that this book takes toward
understanding biophysical processes. That virtually any student has ac-
cess to one of the most profound and sophisticated theoretical techniques
available to a scientist is an important lesson to learn. This is just one
of the lessons that this short experiment or mind trip has pointed out to
us already. Are there other lessons?

What are the consequences of scenes imagined? For one, the reader,
who is a biological organism , has interacted with the physical universe,
experiencing the electric field vectors of photons (light), detecting mo-
lecular vibrations (sound), and identifying alterations in local chemical
potential (smell and taste). As part of the process, the reader has converted
stored energy sources to sustain the life support processes of the heart,
lungs, kidneys, immunological system, etc. This support machinery has
allowed the specially adapted cells of the nervous system to recall pre-
viously collected, sorted, standardized, and analyzed physical events
(light, sound, smell) that were interpreted as information and to sort this
information into a creative memory trace that we call imagination. It
seems only rational that if the biological organism can perceive and in-
teract with the physical forces that surround it, then at some fundamental
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level those physical forces and processes are the same for the organism
and the physical universe. This implies that a fundamental understanding
of the physics and chemistry of the universe will lead to an understanding
of biological processes and behavior. It is on this assumption that the
fields of biophysics and biophysical chemistry are built. The imagined
observer at the door could be content with the “feeling” of universal
understanding or could use the tool of Gedanken experimentation along
with experimental science to attempt to understand a wide variety of
questions. These might include the origins of the photons and the laws
governing their propagation; the mechanism of the production of sound
by the birds or perhaps the laws governing its propagation through the
air and the mechanics of its perception in the ear; and the identity and
molecular behavior of the molecules giving rise to the smell of the fresh
air or perhaps the nature of their interaction with the specialized olfactory
cells of the observer. On the other hand, the reader might choose to focus
on the nature and novelty of the beast that, being able to imagine an
experience such as this sunrise while actually studying a book on physical
chemistry, would consider the physics and chemistry of quantum elec-
trodynamics, wave propagation theory, and ketone, aldehyde, or amine
chemistry. What is it about the human biological being, its materials,
and its organization that gives it such a charmed view of the universe?
How can we understand this seemingly unique biological ability and can
it be understood in the same terms as the rest of the physical universe?
Understanding a biological system in terms of physical forces and ma-
terials requires some sense of what the similarities and differences are
between biological systems and physical systems. As a first approxima-
tion, animate and inanimate systems share much at the basic and fun-
damental levels and differ mostly in the types and magnitudes of com-
plexity. For example, at the atomic level, biological systems are made up
pritnarily of atoms of carbon, hydrogen, nitrogen, oxygen, and a small
variety of other elements. The complex variety that occurs when these
simple atoms are arranged into macromolecules and multifaceted, mul-
ticompartmentalized cells and organs seems to distinguish the biological
system ftom other systems. This complex heterogeneity is something of
a matter of scale however. A galaxy, a global weather system, or a coastline
certainly has enormous contplexity. The complexity of biological systems
seems to be one of high density; in other words, biological systems seem
to concentrate complex molecules together in complex envelopes called
cells that are themselves concentrated into complex systems called organs
that perform complex functions in organisms that frequently live in com-
plexly constructed communities. An astronomical magnitude of com-
plexity can therefore be found in an ant hill or under a microscope, not
to mention in a city or nation-state. Yet at every level of the complexity
that derives from an emormous number of degrees of freedom in the
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interactions of the parts, these biological systems are subject to the same
forces and laws of nature as are other systems.

It is worth explicitly mentioning that there are a number of major
theoretical physical constructs used to describe the behavior of everything
in the universe. These are sometimes called the great theories of physics.
They include:

1. Classical or Newtonian mechanics, which describes the motion of large
material objects, such as planets and satelhtes and the trajectory of
balls and muissiles.

2. Quantum mechanics, which describes the motion and behavior of sub-
microscopic objects. This theory explains behavior on a scale where
classical mechanics is known to be incorrect, namely, the movement
of subatomic particles such as electrons and protons.

3. Relativity, which describes high-speed motion and is based on the
fundamental concept that all aspects of nature obey the same set of
invariant laws. Like the quantum theory, relativistic theory describes
motion in cases where classical mechanics is known to be incorrect.

4. Electromagnetism, which explains the behavior of electricity, mag-
netism, and electromagnetic radiation.

5. Thermodynamics, which describes the behavior of large numbers of
particles and discusses these behaviors in terms of heat, temperature,
and work.

The behavior of chemical and biological systems is consistent with these
theories, and they are the source of the fundamental unity that binds
different systems together. It will be necessary to invoke aspects of these
physical theories as an understanding of biological systems is built. Al-
though biological systems have great complexity, the threads of these
theories will be found over and over again running through the analysis.
In this book, it will seem that preference is being given to the theories
of thermodynamics. This is not an unjustified conclusion, but it is im-
portant that the reader does not take such a dependence on thermody-
namic formulation to suggest a lack of relevance of the other theoretical
constructs. For the subjects chosen and the depth and slant of their pre-
sentation, thermodynamics is the most convenient and simplest ap-
proach. Taking a thermodynamic approach is also ofien the best strategy
for describing extremely complex systems completely. Finally, thermo-
dynamics is one of the most valuable tools of the chemist. After mastering
this material with a thermodynamic scheme, the student will invariably
be ready to extend an interest to the application of the other theories to
biological problems.

If biological systems are so complex, how are they ever to be accurately
described, much less understood? In fact, it is more likely that an un-
derstanding of biological processes will be attained long before a detailed
description will be available. Evolution is a good case in point. The form,



