PHYSICAL CHEMISTRY
OF MACROMOLECULES

o E-L O DEBEE DT LaCx" N

5, F. SN



PHYSICAL CHEMISTRY
OF MACROMOLECULES

Basic Principles and Issues

Second Edition

A Wiley-Interscience Publication
JOHN WILEY & SONS, INC.



Published by John Wiley & Sons, Inc., Hoboken, New Jersey.
Copyright @ 2004 by Organic Syntheses, Inc. All rights reserved.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any
form or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except
as permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate

per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400, fax 978-646-8600, or on the web at www.copyright.com. Requests to the Publisher

for permission should be addressed to the Permissions Department, John Wiley & Sons, Inc.,

111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts
in preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by

sales representatives or written sales materials, The advice and strategies contained herein may

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

Neither the publisher nor author shall be liable for any loss of profit or any other commercial
damages, including but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services please contact our Customer Care Department
within the U.S. at 877-762-2974, outside the U.S. at 317-572-3993 or fax 317-572-4002,

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print,
however, may not be available in electronic format.

Library of Congress Cataloging-in-Publication Data:

Sun, S. F, 1922-
Physical chemistry of macromolecules : basic principles and issues / S. F. Sun.—2nd ed.
p. cm.

Includes bibliographical references and index.
ISBN 0-471-28138-7 (acid-free paper)
1. Macromolecules. 2. Chemistry, Physical organic. I Title.

QD381.8.886 2004

547.7045-dc22 2003063993

Printed in the United States of America.

109 87 6547321



PHYSICAL CHEMISTRY OF
MACROMOLECULES

Second Edition



PREFACE TO THE SECOND EDITION

In this second edition, four new chapters are added and two original chapters are
thoroughly revised. The four new chapters are Chapter 6, Liquid Crystals;
Chapter 7, Rubber Elasticity; Chapter 15, Fourier Series; and Chapter 18, Protein
Molecules. The two thoroughly revised chapters are Chapter 19, Nuclear Magnetic
Resonance, and Chapter 20, X-Ray Crystallography.

Since the completion of the first edition in 1994, important developments have
been going on in many fields of physical chemistry of macromolecules. As a result,
two new disciplines have emerged: materials science and structural biology. The
traditional field of polymers, even though already enlarged, is to be included in the
bigger field of materials science. Together with glasses, colioids, and liquid
crystals, polymers are considered organic and soft materials, in parallel with
engineering and structural materials such as metals and alloys. Structural biology,
originally dedicated to the study of the sequence and structure of DNA and proteins,
is now listed together with genomics, proteomics, and molecular evolution as an
independent field. It is not unusual that structural biology is also defined as the field
that includes genomics and proteomics.

These developments explain the background of our revision.

Chapters 6 and 7 are added in response to the new integration in materials
science. In Chapter 6, after the presentation of the main subjects, we give two
examples to call attention to readers the fierce competition in industry for the
application of liquid crystals: crystal paint display and electronic devices. Within
the next few years television and computer films will be revolutionalized both in
appearance and in function. Military authority and medical industry are both
looking for new materials of liquid crystals. The subject rubber elasticity in
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Chapter 7 is a classical one, well known in polymer chemistry and the automobile
industry. It should have been included in the first edition. Now we have a chance to
include it as materials science.

Chapters 18-20 constitute the core of structural biology. Chapter 18 describes
the most important principles of protein chemistry, including sequence and
structure and folding and misfolding. Chapters 19 and 20 deal with the two major
instruments employed in the study of structural biology: nuclear magnetic
resonance (NMR) spectroscopy and x-ray crystallography. Both have undergone
astonishing changes during the last few years. Nuclear magnetic resonance
instruments have operated from 500 MHz in 1994 to 900 MHz in the 2000s.
The powerful magnets provide greater resolution that enables the researchers to
obtain more detailed information about proteins. X-ray crystallography has gained
even more amazing advancement in technology: the construction of the gigantic
x-ray machine known as the synchrotron. Before 1994, an x-ray machine could be
housed in the confines of a research laboratory building. In 1994 the synchrotron
became as big as a stadium and was first made available for use in science.

Chapter 15, Fourier Series, was given in the previous edition as an appendix to
the chapter entitled Dynamic Light Scattering. Now it also becomes an independent
chapter. This technique has been an integral part of physics and electrical
engineering and has been extended to chemistry and biology. The purpose of this
chapter is to provide a background toward the understanding of mathematical
language as well as an appreciation of this as an indispensable tool to the new
technologies: NMR, x-ray crystallography, and infrared spectroscopy. Equally
important, it is a good training in mathematics. On the other hand, in this edition
the subject of dynamic light scattering is combined with the subjects of small-angle
X-ray scattering and neutron scattering to form Chapter 16.

In addition to the changes mentioned above, we have updated several chapters in
the previous edition. In Chapter 5, for example, we added a section to describe the
images of individual polymer chains undergoing changes in steady shear. This is
related to laser technology.

Although the number of chapters has increased from 17 in the previous edition to
20 in this edition, we have kept our goal intact: to integrate physical polymer
chemistry and biophysical chemistry by covering principles and issues common to
both.

This book is believed to be among the pioneers to integrate the two traditionally
independent disciplines. The integration by two or more independent disciplines
seems to be a modern trend. Since our book was first published, not only two newly
developed subjects have been the results of integrations (i.e., each integrates several
different subjects in their area), but also many academic departments in colleges ~
and universities have been integrated. In the old days, for example, we have
departments with a single term: Physics, Chemistry, Biology, and so forth; now we
have departments with two terms of combined subjects: Chemistry and Biochem-
istry, Biochemistry and Molecular Biophysics, Chemistry and Chemical Biology,
Biochemistry and Molecular Biophysics, Anatomy and Structural Biology, Materi-
als Science and Engineering, Materials and Polymers. For young science students,
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the integrated subjects have broader areas of research and learning. They are
challenging and they show where the jobs are.

There are no major changes in the homework problems except that two sets of
problems for Chapters 7 and 15 are added in this edition. A solution manual with
worked out solutions to most of the problems is now available upon request to the
publisher.

S. E Sun

Jamaica, New York
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PREFACE TO THE FIRST EDITION

Physical chemistry of macromolecules is a course that is frequently offered in the
biochemistry curriculum of a college or university. Occasionally, it is also offered in
the chemistry curriculum. When it is offered in the biochemistry curriculum, the
subject matter is usually limited to biological topics and is identical to biophysical
chemistry. When it is offered in the chemistry curriculum, the subject matter is
often centered around synthetic polymers and the course is identical to physical
polymer chemistry. Since the two disciplines are so closely related, students almost
universally feel that something is missing when they take only biophysical
chemistry or only physical polymer chemistry. This book emerges from the desire
to combine the two courses into one by providing readers with the basic knowledge
of both biophysical chemistry and physical polymer chemistry. It also serves a
bridge between the academia and industry. The subject matter is basically
academic, but its application is directly related to industry, particularly polymers
and biotechnology.

This book contains seventeen chapters, which may be classified into three units,
even though not explicitly stated. Unit 1 covers Chapters | through 5, unit 2 covers
Chapters 6 through 12, and unit 3 covers Chapters 13 through 17. Since the
materials are integrated, it is difficult to distinguish which chapters belong to
biophysical chemistry and which chapters belong to polymer chemistry. Roughly
speaking, unit 1 may be considered to consist of the core materials of polymer
chemistry. Unit 2 contains materials belonging both to polymer chemistry and
biophysical chemistry. Unit 3, which covers the structure of macromolecules and
their separations, is relatively independent of units 1 and 2. These materials are

Xix
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important in advancing our knowledge of macro molecules, even though their use is
not limited to macromolecules alone.

The book begins with terms commonly used in polymer chemistry and
biochemistry with respect to various substances, such as homopolymers, copoly-
mers, condensation polymers, addition polymers, proteins, nucleic acids, and
polysaccharides (Chapter 1), followed by descriptions of the methods used to create
these substances (Chapter 2). On the basis of classroom experience, Chapter 2 is a
welcome introduction to students who have never been exposed to the basic
methods of polymer and biopolymer syntheses. The first two chapters together
comprise the essential background materials for this book.

Chapter 3 introduces statistical methods used to deal with a variety of distribu-
tion of molecular weight. The problem of the distribution of molecular weight is
characteristic of macromolecules, particularly the synthetic polymers, and the
statistical methods are the tools used to solve the problem. Originally Chapter 4
covered chain configurations and Chapter 5 covered macromolecular thermody-
namics. Upon further reflection, the order was reversed. Now Chapter 4 on
macromolecular thermodynamics is followed by Chapter 5 on chain configurations.
This change was based on both pedagogical and chronological reasons. For over a
generation (1940s to 1970s), Flory’s contributions have been considered the
standard work in physical polymer chemistry. His work together with that of other
investigators laid the foundations of our way of thinking about the behavior of
polymers, particularly in solutions. It was not until the 1970s that Flory’s theories
were challenged by research workers such as de Gennes. Currently, it is fair to say
that de Gennes’ theory plays the dominant role in research. In Chapter 4 the basic
thermodynamic concepts such as ¥, 6, {, and « that have made Flory’s name well
known are introduced. Without some familiarity with these concepts, it would not
be easy to follow the current thought as expounded by de Gennes in Chapter 5 (and
later in Chapters 6 and 7). For both chapters sufficient background materials are
provided either in the form of introductory remarks, such as the first section in
Chapter 4 (a review of general thermodynamics), or in appendices, such as those on
scaling concepts and correlation function in Chapter 5.

In Chapters 6 through 17, the subjects discussed are primarily experimental
studies of macromolecules. Each chapter begins with a brief description of the
experimental method, which, though by no means detailed, is sufficient for the
reader to have a pertinent background. Each chapter ends with various theories that
underlie the experimental work.

For example, in Chapter 6, to begin with three parameters, p (shear stress), €
(shear strain), and E (modulus or rigidity), are introduced to define viscosity and
viscoelasticity. With respect to viscosity, after the definition of Newtonian viscosity
1s given, a detailed description of the capillary viscometer to measure the quantity n
follows. Theories that interpret viscosity behavior are then presented in three
different categories. The first category is concerned with the treatment of experi-
mental data. This includes the Mark-Houwink equation, which is used to calculate
the molecular weight, the Flory-Fox equation, which is used to estimate thermo-
dynamic quantities, and the Stockmayer-Fixman equation, which is used to
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supplement the intrinsic viscosity treatment. The second category describes the
purely theoretical approaches te viscosity. These approaches include the Kirkwood-
Riseman model and the Debye-Buche model. It also includes chain entanglement.
Before presenting the third category, which deals with the theories about viscosity
in relation to biological polymers, a short section discussing Stokes’ law of
frictional coefficient is included. The third category lists the theories proposed by
Einstein, Peterlin, Kuhn and Kuhn, Simha, Scheraga and Mendelkern. With respect
to viscoelasticity, Maxwell’s model is adopted as a basis. Attention is focused
on two theories that are very much in current thought, particularly in connection
with the dynamic scaling law: the Rouse model and the Zimm model. These models
are reminiscent of the Kirkwood-Riseman theory and the Debye-Buche theory in
viscosity but are much more stimulating to the present way of thinking in the
formulation of universal laws to characterize polymer behavior.

Chapter 7, on osmotic pressure, provides another example of my approach to the
subject matter in this book. After a detailed description of the experimental
determination of molecular weight and the second virial coefficient, a variety of
models are introduced each of which focuses on the inquiry into inter- and
intramolecular interactions of polymers in solution. The reader will realize that
the thermodynamic function p (chemical potential) introduced in Chapter 4 has
now become the key term in our language. The physical insight that is expressed by
theoreticians is unusually inspiring. For those who are primarily interested in
experimental study, Chapter 7 provides some guidelines for data analysis. For those
who are interested in theoretical inquiry, this chapter provides a starting point to
pursue further research. Upon realizing the difficulties involved in understanding
mathematical terms, several appendices are added to the end of the chapter to give
some background information.

Chapters 8 through 12, are so intermingled in content that they are hardly
independent from each other, yet they are so important that each deserves to be an
independent chapter. Both Chapters 8 and 9 are about light scattering. Chapter 8
describes general principles and applications, while Chapter 9 discusses advanced
techniques in exploring detailed information about the interactions between
polymer molecules in solutions. Chapters 10 and 11 are both about diffusion.
Chapter 10 deals with the general principles and applications of diffusion, while
Chapter 11 describes advanced techniques in measurement. However, diffusion is
only part of the domain in Chapter 11, for Chapter 11 is also directly related to light
scattering. As a matter of fact, Chapters 8, 9, and 11 can be grouped together. In
parallel, Chapters 10 and 12, one about diffusion and the other about sedimentation,
are closely related. They describe similar principles and similar experimental
techniques. Knowledge of diffusion is often complementary to knowledge of
sedimentation and vice versa.

It should be pointed out that all the chapters in unit 2 (Chapters 6 through 12) so
far deal with methods for determining molecular weight and the configuration of
macromolecules. They are standard chapters for both a course of polymer chemistry
and a course of biophysical chemistry. Chapters 13 through 17 describe some of the
important experimental techniques that were not covered in Chapters 6 through 12.
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Briefly, Chapter 13, on optical rotatory dispersion (ORD) and circular dichroisn
(CD), describes the content of helices in a biological polymer under variou:
conditions, that is, in its native as well as in its denatured states. The relationshij
between ORD and CD is discussed in detail. Chapter 14 provides basic knowledgt
of nuclear magnetic resonance phenomena and uses illustrations of several well
known synthetic polymers and proteins. Chapter 15, on x-ray crystallography
introduces the foundations of x-ray diffractions, such as Miller indices, Bravai:
lattices, seven crystals, 32 symmetries, and some relevant space groups. It thes
focuses on the study of a single crystal: the structure factor, the density map, an¢
the phase problem. Chapter 16, on electron and infrared spectroscopy, provides the
background for the three most extensively used spectroscopic methods in macro
molecular chemistry, particularly with respect to biological polymers. Thest
methods are ultraviolet absorption, fluorimetry, and infrared spectra. Chapter 1"
belongs to the realm of separation science or analytical chemistry. It is includec
because no modern research in polymer chemistry or biophysical chemistry ca
completely neglect the techniques used in this area. This chapter is split into tw«
parts. The first part, high-performance liquid chromatography (HPLC), describe;
key parameters of chromatograms and the four types of chromatography with a
emphasis on size-exclusion chromatography, which enables us to determine the
molecular weight, molecular weight distribution, and binding of small molecules tc
macromolecules. The second part, electrophoresis, describes the classical theory o
ionic mobility and varions types of modern techniques used for the separation ang
characterization of biological materials. Chapter 17 ends with an additional section
field-flow fractionation, which describes the combined methods of HPLC an«
electrophoresis.

In conclusion, the organization of this book covers the basic ideas and issues o
the physical chemistry of macromolecules including molecular structure, physica
properties, and modern experimental techniques.

Mathematical equations are used frequently in this book, because they are a par
of physical chemistry. We use mathematics as a language in a way that is no
different from our other language, English. In English, we have words anc
sentences; in mathematics, we use symbols (equivalent to words) and equation:
(equivalent to sentences). The only difference between the two is that mathematics
as a symbolic language, is simple, clear, and above all operative, meaning that w
can manipulate symbols as we wish. The level of mathematics used in this text i:
not beyond elementary calculus, which most readers are assumed to have learned o
are learning in college.

In this book, derivations, though important, are minimized. Derivations such a:
Flory’s lattice theory on the entropy of mixing and Rayleigh’s equation of ligh
scattering are given only because they are simple, instructive, and, above all, the:
provide some sense of how an idea is translated from the English language to :
mathematical language. The reader’s understanding will not be affected if he or she
skips the derivation and moves directly to the concluding equations. Furthermore
the presentation of the materials in this book has been tested on my classes fo
many years. No one has ever complained.
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The selection of mathematical symbols (notations) used to designate a physical
property (or a physical quantity) poses a serious problem. The same letter, for
example, o or ¢, often conveys different meanings (that is, different designations).
The Greek letter o can represent a carbon in a linear chain (o atom, B atom,...),
one of the angles of a three-dimensional coordinate system (related to types of
crystals), the expansion factor of polymer molecules in solutions (for example,
o’ — o), the polarizability with respect to the polarization of a molecule, and so on.
The English letter ¢ can represent the concentration of a solution (for example, g/
mL, mol/L), the unit of coordinates (such as a, b, ¢), and so on. To avoid confusion,
some authors use different symbols to represent different kinds of quantities and
provide a glossary at the end of the book. The advantage of changing standard
notation is the maintenance of consistency within a book. The disadvantage is that
changing the well-known standard notation in literature (for example, S for
expansion factor, 7 for polarizability, instead of o for both; or d for a unit
coordinate, j for the concentration of a solution, instead of ¢ for both), is awakward,
and may confuse readers. In addressing this problem, the standard notations are
kept intact. Sometimes the same letters are used to represent different properties in
the same chapter. But I have tried to use a symbol to designate a specific property as
clearly as possible in context by repeatedly defining the term immediately after the
equation. I also add a prime on the familiar notations, for example, R’ for gas
constant and ¢’ for the velocity of light. Readers need not worry about confusion.

At the end of each chapter are references and homework problems. The
references are usually the source materials for the chapters. Some are original
papers in literature, such as those by Flory, Kirkwood, Debye, Rouse, Des Cloizeau,
deGennes, Luzzati, and Zimm, among others; and some are well-known books,
such as those of Yamakawa and Hill, in which the original papers were cited in a
rephrased form. Equations are usually given in their original forms from the
original papers with occasional modifications to avoid confusion among symbols.
It is hoped that this will familiarize readers with the leading literature. Homework
problems are designed to help readers clarify certain points in the text.

A comment should be made on the title of the book, Physical Chemistry of
Muacromolecules: Basic Principles and Issues. The word “basic” refers to “‘funda-
mental,” meaning “‘relatively timeless.”” In the selection of experimental methods
and theories for each topic, the guideline was to include only those materials that do
not change rapidly over time, for example, Fick’s first law and second law in
diffusion, Patterson’s synthesis and direct method in x-ray crystallography, or those
materials, though current, that are well established and frequently cited in the
literature, such as the scaling concept of polymer and DNA sequencing by
electrophoresis. The book is, therefore, meant to be “‘a course of study.”

I wish to thank Professor Emily Sun for general discussion and specific advice.
Throughout the years she has offered suggestions for improving the writing in this
book. Chapters 1 through 12 were read by Patricia Sun, Esq., 13 through 17 by
Caroline Sun, Esq., and an overall consultation was provided by Dr, Diana Sun. I
am greatly indebted to them for their assistance. A special note of thanks goes to
Mr. Christopher Frank who drew the figures in chapter 11 and provided comments
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on the appendix, and to Mr. Anthony DelLuca and Professor Andrew Taslitz, for
improving portions of this writing. Most parts of the manuscript were painstakingly
typed by Ms. Terry Cognard. For many years, students and faculty members of the
Department of Chemisiry of Liberal Arts and Sciences and the Department of
Industrial Pharmacy of the College of Health Science at St. John’s University have
encouraged and stimulated me in writing this book. I am grateful to all of them.

Jamaica, New York
February 1994
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