List of Fundamental Constants and Symbols

The numbers in parentheses indicate equations in the text, where the
symbols are explained or defined.

2 =l

Co

S0 m by

Q0 O QTSNS

identical

equal

equal by definition
approximately equal
proportional

Arrhenius-coefficient [Eq. (2.3.17)]
affinity [Eq. (3.1.75)]

area

chemical activity [Eq. (3.1.34)]

magnetic flux density [Eq. (4.4.1)]
electrophoretic mobility [Eq. (2.5.13)]
electric capacity [Eq. (3.5.6)]

complex electric capacitance [Eq. (3.5.11)]
clearance-constant [Eq. (5.2.28)]

isochoric heat capacity [Eq. (2.4.25)]
molar concentration

speed of light in vacuum = 2.998 - 10° m s~
diffusion coefficient [Eq. (3.3.6)]

energy (general expression)

standard redox potential [Eq. (2.2.1)]
electric field strength [Eq. (2.4.4)]

basis of natural logarithm = 2.71828
absolute amount of charge on electron

= 1.60218 - 107" C

mechanical force

Faraday = 9.6485 - 10* C val™'

Helmholtz free energy [Bq. (3.1.22)]
symbol for an arbitrary function
generalized coefficient of friction [Eq. (3.1.52)]
activity coefficient [Eq. (3.1.34)]

Gibbs free energy [Eq. (3.1.23)]

electrical conductivity [Eq. (3.5.2)]

specific conductivity [Eq. (3.5.2)]

osmotic coefficient [Eq. (3.2.26)]

1



Prof. Dr. RoLAND GLASER

Institut fiir Biologie

Experimentelle Biophysik
Humboldt-Universitit zu Berlin
Invalidenstrafle 42

10115 Berlin

Germany

e-mail: roland=glaser@rz.hu-berlin.de

Original title: BIOPHYSIK by Roland Glaser
Published by: Gustav Fischer Verlag, Jena 1996 (fully revised 4th edition)
Copyright © Spektrum Akademischer Verlag GmbH, Heidelberg Berlin 1999

ISBN 3-540-67088-2 Springer-Verlag Berlin Heidelberg New York

Library of Congress Cataloging-in-Publication Data

Glaser, Roland. [Biophysik. English] Biophysics/Roland Glaser. - Rev. 5th ed. p. cm. Rev. ed. of:
Biophysik. 4th ed. 1996. Includes bibliographical references (p.).

ISBN 3540670882 (alk. paper)

1. Biophysics. 1. Glaser, Roland Biophysik 11. Title. QH505.G5413 2000 571.4-dc21

This work is subject to copyright. All rights are reserved, whether the whole or part of the material
is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilm or in any other way, and storage in data banks.
Duplication of this publication or parts thereof is permitted only under the provisions of the
German Copyright Law of September 9, 1965, in its current version, and permissions for use must
always be obtained from Springer-Verlag. Violations are liable for prosecution under the German
Copyright Law.

Springer-Verlag Berlin Heidelberg New York
a member of BertelsmannSpringer Science+Business Media GmbH

© Springer-Verlag Berlin Heidelberg 2001
Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this publication does
not imply, even in the absence of a specific statement, that such names are exempt from the
relevant protective laws and regulations and therefore free for general use.

Product liability: The publisher cannot guarantee the accuracy of any information about dosage
and application thereof contained in this book. In every individual case the user must check such
information by consulting the relevant literature,

Cover design: design & production, 69121 Heidelberg, Germany
Production: PRO EDIT GmbH 69126 Heidelberg, Germany
Typesetting: Scientific Publishing Services (P) Ltd, Madras
SPIN 10698766 31/3130 5 4 3 2 1 0 - Printed on acid free paper



Preface

“Was war also das Leben? Es war
Wirme, das Wirmeprodukt former-
haltender Bestandlosigkeit, ein Fieber
der Materie, von welchem der Prozef
unauthdrlicher Zersetzung und Wie-
derherstellung unhaltbar verwickelt,
unhaltbar kunstreich aufgebauter Ei-
weidmolekel begleitet war. Es war das
Sein des eigentlich Nicht-sein-K6nnen-
den, des nur in diesem verschrinkten
und fiebrigen Prozefl von Zerfall und
Erneuerung mit siifl-schmerzlich-gen-
auer Not auf dem Punkte des Seins
Balancierenden. Es war nicht materiell
und es war nicht Geist. Es war etwas
zwischen beidem, ein Phinomen, ge-
tragen von Materie, gleich dem Re-
genbogen auf dem Wasserfall und
gleich der Flamme.”

Thomas Mann, Der Zauberberg

“What then was life? It was warmth,
the warmth generated by a form-
preserving instability, a fever of mat-
ter, which accompanied the process of
ceaseless decay and repair of albumen
molecules that were too impossibly
complicated, too impossibly ingenious
in structure. It was the existence of the
actually impossible-to-exist, of a half-
sweet, half-painful balancing, or scar-
cely balancing, in this restricted and
feverish process of decay and renewal,
upon the point of existence. It was not
matter and it was not spirit, but
something between the two, a phe-
nomenon conveyed by matter, like the
rainbow on the waterfall, and like the
flame.”*

Thomas Mann, The Magic Mountain

When I started to teach biophysics to biology students at the
Friedrich-Schiller University in Jena in 1965 the question arose:
What actually is biophysics? What should I teach? Only one thing
seemed to be clear to me: biophysics is neither “physics for
biologists” nor “physical methods applied to biology™ but a modern
field of science leading to new approaches for our understanding of
biological functions.

Rashevsky’s book on Mathematical Biophysics (1960), the
classical approaches of Ludwig von Bertalanffy (1968), as well as
the excellent book by Katchalsky and Curran on Nonequilibrium
Thermodynamics in Biophysics (1965), showed me new ways of
looking at biological processes. Thus, I came to the conclusion that it
would be worthwhile trying to integrate all these various physical
and physicochemical approaches to biological problems into a new
discipline called “biophysics”. The first German edition of this text-
book, published in 1971, was developed from these considerations.

Meanwhile, I had moved from Jena to the Humboldt-University in
Berlin where I organized courses for biologists specializing in

* Translated by H. T. Lowe-Porter, Penguin Books, 1985, p. 275-276
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biophysics. The idea was, why should only physicists find their way
to biophysics? Why not help biologists to overcome the “activation
energy” barrier of mathematics and physics to discover this
fascinating discipline?

In Berlin, a special group was established (1970) in the
Department of Biology with the aim of teaching biophysics. This
led to a full university degree course of biophysics which has
developed successfully and attracts an increasing number of
students today.

Consequently, my co-workers and I had the responsibility of
organizing not only introductory courses to biophysics for biology
students, but also advanced courses in molecular biophysics,
biomechanics, membrane biophysics, bioelectrochemistry, environ-
mental biophysics and various aspects of theoretical biophysics.

The evolution of this textbook in the following years was the
result of these courses. Innumerable discussions with students,
colleagues and friends led to continuous refinement and modifica-
tion of the contents of this book, resulting in a second, third, and
in 1996, a fourth German edition. New topics were added, others
updated or even deleted. The only sentences that remained
unchanged are those of Thomas Mann at the beginning of the
Preface.

The philosophy of this book is that biophysics is not a simple
collection of physical approaches to biology, but a defined discipline
with its own network of ideas and approaches, spanning all
hierarchical levels of biological organization. The paradigm of a
holistic view of biological functions, where the biological system is
not simply the sum of its molecular components but is rather their
functional integration, seems to be the main concept of biophysics.

While it is easier to realize such an integrated view in a ‘one-man
book’, this has, of course, the disadvantage that the knowledge and
experience of many specialists cannot be incorporated. However,
to a certain degree this problem has been compensated for by
discussions with colleagues and friends and by their continuous
support over a period of more than three decades. Further problems
are the selection of the topics to be included in the book and the
emphasis placed on the different aspects, avoiding underestimation
of others. Although the author has tried to balance the selection and
emphasis of topics by looking at the development of biophysics over
the last three decades, he is not sure that he has succeeded. Even if
this is the case, this book will at least help to answer the question:
What is biophysics? It provides a solid introduction to biophysics.
For further reading, books and reviews are recommended at the end
of each chapter. The extensive index at the end of the book ensures
an easy orientation and will enable this book to be used as a
reference work. As mentioned above, this book is written primarily
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for biologists and biophysicists with a background in biology.
Therefore, some basic knowledge of biology is required, but less
knowledge of physics and mathematics is needed. It should
encourage biologists to enter the field of biophysics and stimulate
further research. The German editions have shown that physicists
also will profit from reading this book.

This first English edition is not just a translation of the fourth
German edition, but is rather a fully revised fifth edition. For an
author, it is impossible to translate his book without substantial
rewriting and refining. All chapters have been more or less revised,
and results which have been published since the last edition have
been integrated. Many figures have been redrawn, some are new;
some totally new chapters have also been included.

Last, but not least, I wish to express again my sincere gratitude to
all of my colleagues and friends, throughout the world, who helped
me before with all previous editions and especially for helping me
with this English edition. Thanks are also extended to the staff of
Springer-Verlag for encouraging me to write this English version
and for correcting my imperfect English.

Berlin, July 2000 RoLAND GLASER
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CHAPTER 1

Nature and Subject of Biophysics

The subjects of biophysics are the physical principles underlying all processes of
living systems. This also includes the explanation of interactions of various
physical influences on physiological functions, which is a special sub-area, called
environmental biophysics.

Biophysics is an interdisciplinary science somewhere between biology and
physics, as may be concluded from its name, and is furthermore connected with
other disciplines, such as mathematics, physical chemistry, and biochemistry.
The term “biophysics” was first used in 1892 by Karl Pearson in his book The
Grammar of Science.

Does biophysics belong to biology, or is it a part of physics? Biology, by
definition, claims to be a comprehensive science relating to all functions of
living systems. Hence, biophysics, like genetics, biochemistry, physiology etc.,
should be considered as a specialized sub-area of biology. This view has not
remained undisputed by physicists, since physics is not confined to subjects of
inanimate matter. Biophysics can be considered, with equal justification, as a
specialized part of physics. It would be futile to try to balance those aspects
against each other. Both of them are justified. Biophysics cannot flourish unless
cooperation is ensured between professionals from either side.

Delimitation of biophysics from clearly unrelated areas has appeared to be
much easier than its definition. Biophysics, for example, is by no means some
sort of a melting pot for various physical methods and their applications to
biological problems. The use of a magnifying glass, the most primitive optico-
physical instrument, for example, has just as little to do with biophysics as the
use of most up-to-date optical or electronic measuring instruments. Biophysical
research, of course, requires modern methods, just as other fields of science do.
The nature of biophysics, however, is actually defined by the scientific problems
and approaches rather than by the applied methods.

Biophysical chemistry and bioelectrochemistry can be considered as
§pecialized sub-areas of biophysics. Medical physics, on the other hand, is an
Interdisciplinary area which has its roots in biophysics but has ramifications of
far-reaching dimensions, even with medical engineering.

In terms of science history, biophysical thought, according to the above
definition, can be traced back to early phases of philosophical speculations
On nature, that is back to antiquity. This applies to the earliest mechanistic
theories of processes of life and to insights into their dynamics, for example
of Heraclitus in the 5th century B.C. The promotion of scientific research in
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the Renaissance also includes biophysical considerations. Leonardo da Vinci
(1452-1519), for example, investigated mechanical principles of bird flight in
order to use the information for engineering design; research which would be
termed bionics today. A remarkably comprehensive biomechanical description
of functions, such as mobility of limbs, bird’s flight, swimming movement,
etc., was given in a book by Alfonso Borelli (1608-1679) De motu animalium
published in Rome, as early as 1680. The same Borelli founded a school in
Pisa of iatro-mathematics and iatro-physics in which the human body was
perceived as a mechanical machine, and where attempts were made to draw
medical conclusions from that perception (latric - Greek term for medical
art). latro-physics has often been considered as a mechanistic forerunner of
medical biophysics.

Parallels to processes of life were established not only in the area of
tempestuous progress of mechanics but at all levels throughout the development
of physics. Reference can be made, in this context, to the frog experiments
undertaken by Luigi Galvani (1737-1798). The physics of electricity was thus
studied in direct relationship with phenomena of electrophysiology. Worth
mentioning is the strong controversy between Luigi Galvani and Alessandro
Volta (1745-1827) about the so-called elettricita animale (animal electricity),
which had serious personal consequences for both.

It is well-known that medical observations played a role in the discovery of
the first law of thermodynamics by J. R. Mayer (1814~1878). Calorimetric studies
of heat generation of mammals were conducted in Paris by A. L. Lavoisier
(1743-1794) and P. S. de Laplace (1749-1827) as early as about 1780. Reference
should also be made, in this context, to investigations of Thomas Young (1773~
1829), and later Hermann v. Helmholtz (1821-1894) on the optical aspects of the
human eye and on the theory of hearing. These activities added momentum to
the development of physiology which thus became the first biological platform
for biophysics.

The development of physical chemistry around the turn of this century was
accompanied by applications of these discoveries and insights in understanding
various functions of living cells. There have also been many instances in which
biologically induced problems had stimulating effects upon progress in physics
and physical chemistry. Brown’s motion, discovered in pollen grains and
subsequently calculated by A. Einstein, is an example. Research on osmotic
processes, as well, were largely stimulated by the botanist W. Pfeffer. The
temperature dependence of rate constants of chemical reactions was initially
formulated in terms of phenomenology by S. Arrhenius (1859-1927), and has,
ever since, been applied to a great number of functions of life, including
phenomena as sophisticated as processes of growth. Studies of physiochemical
foundations of cellular processes have continued to be important in biophysical
research, especially after the introduction of the principles of nonequilibrium
thermodynamics. In particular, biological membranes, as highly organized
anisotropic structures, are always attractive subjects for biophysical investiga-
tions.
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A decisive impetus has been given to biophysical research through the
discovery of X-rays and their application to medicine. It was attributable to close
cooperation between physicists, biologists, and medical scientists which paved
the way for the emergence of radiation biophysics which not only opened
up possible new approaches to medical diagnosis and therapy but also made
substantive contributions to the growth of modern molecular biology.

The year 1948 saw the publication of Norbert Wiener’s book Cybernetics
dealing with control and communications in men and machines. While
regulation and control of biological systems had been subjects of research
before, biocybernetics has given further important inspiration to biophysics.
In the 1970s, biological system theory moved very close to thermodynamics.
It should be borne in mind, in this context, that the expansion of classical
thermodynamics to cover nonequilibrium systems with non-linear equations of
motion was strongly stimulated by biological challenges. Supported by the
works of A. Katchalsky, I. Progogine, H. Haken and many others, elements of
thermodynamics are found to be closely interconnected to those of kinetics
within the theory of non-linear systems.

The word “bionics” was coined by a synthesis of “biology” and “technics”
at a conference in Dayton, USA, in 1960. More specific shape was thus given to
the millennial quest of man to look at nature’s complete technological design.
Biophysics, and especially biomechanics, play a substantial role in these
attempts.

This brief view of the history and the development of biophysics allows
us now to draw the following conclusions about its nature and relevance:
biophysics seems to be quite a new branch of interdisciplinary science, but, in
fact, biophysical questions have always been asked in the history of science.
Biophysics relates to all levels of biological organization, from molecular
processes to ecological phenomena. Hence, all the other biological sub-areas
are penetrated by biophysics, including biochemistry, physiology, cytology,
morphology, genetics, systematics, and ecology.

Biological processes are among the most intricate phenomena with which
scientists find themselves confronted. It is, therefore, not surprising that
biologists and other scientists have repeatedly warned against schematism and
simplifications. Such warning is justified and is a permanent reminder to the
biophysicist of the need for caution. Yet, on the other hand, there is no reason
to conclude that biological phenomena are too sophisticated for physical
calculation. Despite the fact that at present we are not able to explain all
biological reactions, no evidence has ever been produced that physical laws were
no longer valid, when it comes to biological systems.

Further reading: Rowbottom and Susskind (1984)






CHAPTER 2

Molecular Structure of Biological Systems

This section starts with quantum-mechanical approaches, which allow us to
explain molecular bonds and processes of energy transfer. Later we will explain
the physical basis of thermal noise, which, finally, will lead us to the problem
of self organization, or self assembly of supramolecular structures. It is the
intention of this section to make the reader familiar with some specific physical
properties of biological systems at the molecular level. The leading idea of this
section is the controversy between thermal fluctuation against the forces of
molecular orientation and organization.

Two kinds of physical behavior meet at the molecular level of biological
structures: on the one hand, there are the characteristic properties of
microphysical processes, based on the individual behavior of single small
particles like atoms, molecules or supramolecular structures. These processes
are mostly stochastic. On the other hand, there are reactions which resemble
“macrophysical” properties, the kind of behavior of “large” bodies. The
“macrophysics” is ruled by the laws of classical physics, for example classical
mechanics. Our daily experiences with macrophysical systems teach us that their
behavior is generally deterministic.

To explain this difference, let us consider a simple mechanical wheelwork.
The knowledge of its design and construction allows a precise prediction of the
behavior of the system. This prediction is based on the laws of classical
mechanics. In contrast to this, a chemical reaction with a small number of
molecules in a homogeneous phase depends on stochastic collisions of the
individual molecules with each other. Since this process is stochastic, it is only
predictable in a statistical way.

This stochastic behavior of molecular systems can.be transformed into a
deterministic one, if the number of participating stochastic events is large, or
if the degrees of freedom of the single reactions are extremely limited. The
increase of stochastic events can be realized either by an increasing number
of participating molecules, by enlarging the volume for example, where the
reaction takes place, or by an increase of the time interval of observation. This
consideration indicates an interesting interplay between volume, time constants,
and reliability of a biochemical reaction.

The limitation of the degree of freedom of a biochemical reaction is realized
by a property of the system which is called anisotropy. In contrast to isotropic
Systems, like simple solutions, in anisotropic systems the mobility of molecules
In various directions is not identical, but is restricted in some directions, and
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promoted in others. This, for example, is the case for enzymatic reactions, where
the participating enzymes are orientated in membranes, or if the reactions of
charged or polar reactants occur in strong electric fields of electrical double
layers.

In many fields the biological organism works as an amplifier of the
microphysical stochastics. A molecular mutation, for examples, leads to a
reaction chain, which finally ends with a phenomenological alteration of the
organism. Or, as another example: a few molecular events in the pigments of
optical receptors can lead to perception and to reaction in behavior.

During the first step in considering molecular mechanisms of biological
systems, a further aspect is taken into consideration. Unfortunately, biologists
often ignore the fact that a qualitative jump has to be made in the transition
from the “visible” macrophysical structures, to the microphysical systems such
as atoms or molecules. This includes not only the above-mentioned transition
from the deterministic behavior of macroscopic systems to the stochastic
behavior of single molecules, but many more aspects as well. The biologists, for
example, must acknowledge that the term “structure” receives a new meaning.
The visible “biological structure”, as known in the fields of anatomy,
morphology and histology, now appears as concentration profiles or as systems
of electric charges or electromagnetic fields. Instead of visible and measurable
lengths, diameters or distances, as common in the visible world, in the
microphysical world so called effective parameters are used. These sorts of
parameters are exactly defined and they can be measured with arbitrary
exactness, but they do not correspond to some visible boundaries. A single ion,
for example, has no diameter in the sense of the diameter of a cell, or a cell
nucleus, which can be measured by a microscopic scale. In the following
sections we will define effective parameters like crystal radius, hydration radius
and Debye-Hiickel radius, which really are important parameters for functional
explanations.

It is not the intention of this book to describe the topics of molecular biology.
However, the theoretical foundations and principles will be explained to make
possible a link between structure and function at the molecular level and current
biological thinking in these dimensions.

2.1
Intramolecular Bonds

Any representation of the dynamics of molecular and supramolecular
structures has to begin with the atom, its organization and energy states
and with interactions between atoms in a molecule. The molecule, as described
in the next chapter, is initially assumed to be thermally unaffected. The
thermal energy of movement will be introduced as an additional parameter in
Section 2.7.
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211
some Properties of Atomic Orbitals

The Schrodinger equation is the theoretical basis for calculation of the wave
functions of electrons and the probability of their presence at a particular point
in space. This is a link between wave mechanics and the atomic model
postulated by Niels Bohr. The latter concept, however, is substantially extended
by the incorporation of the wave properties of elementary particles.

The quantification of electric energy by Planck’s theory which has already
been postulated ad hoc in the atomic model of Niels Bohr, results directly from
the solution of Schrodinger’s equation in the wave mechanical model. For some
considerations, it will be more convenient as a kind of approximation, and quite
legitimate to postulate the particular nature of the electron for the purpose of
model construction. The limitation of this model is defined by Heisenberg’s
Uncertainty Principle.

The energy state of electrons and their distribution in space are expressed by
so-called quantum numbers. Every single electron is characterized by four
quantum numbers which are interconnected with each other in a well-defined
way.

The primary (or principal) quantum number (n), according to Bohr’s model,
expresses which electron shell the electron belongs to and can assume the
following values: n = 1, 2, 3, 4,. ..

The second (or azimuthal) quantum number (I) determines the distribution
of charge density in space. It is dependent on n, as it can assume only
the following values: I =0, 1, 2, 3, ... (n — 1). This implies that the possible
values of [ are limited by n. Only value 0 and 1, therefore, can be assumed by [, if
n = 2. Electrons with azimuthal quantum numbers [ = 0, 1, 2 are defined as:
s-electrons, p-electrons, and d-electrons respectively.

The magnetic quantum number (m) results from the fact that a moving
electron, similar to an electric current in a coil, generates a magnetic field and,
consequently, can also be influenced by an external magnetic field. The
following values can be assumed by the magnetic quantum number:
m=-l..0...+l. With n= 2, and I = 0 or 1; m, therefore, can only be -2,
-1, 0, +1, +2.

The spin quantum number (s) of the electron describes its direction of
rotation around its own axis. There are only two conditions possible: clockwise
or anti-clockwise rotation. These situations are denoted by s = +1/2, and
$ = —1/2. The quantum number has no effect on ‘electron energy, unless
magnetic fields are involved. |

It can be easily calculated by the combination' of quantum numbers,
especially those with high n-values, that a large number of electron states can
be achieved. In 1926 W. Pauli made a postulation which, so far, has not been
invalidated. According to this, the so-called Pauli exclusion prmaple, it is
impossible for two electrons with identical quantum numbers to occur in the
$ame atom. This principle limits the number of possible electron orbits and is of
8reat importance for various applications in quantum mechanics.
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The points discussed so far can best be demonstrated using the hydrogen
atom. Only the values: n = 1, I = 0, and m = 0 are possible. The energy of the
electron can be calculated for this condition by the following equation:

etm

8¢2n2h?

—2.18 - 107®J = —13.6 eV, (2.1.1)

where m is the mass of an electron (m = 9.109 - 107! kg), e is the charge of the
electron (e = 1.60218 - 107*° C), h is Planck’s constant (h = 6.626 - 107 J s =
4.136 - 107"% eV s). The electric constant (also referred to as the permittivity
constant), ¢, = 8.854 - 1072 cviim, is just a factor which converts the
charge as an electrical variable into the mechanical variables: length and force. It
will be explained in detail in Section 2.4.1. Here, eV, as a unit of energy is
introduced. It will be used frequently in the following text. It stands for “electron
volt” and is identical with the kinetic energy of an electron, which has been
accelerated by a potential difference of 1 V. Its relation to other energy units is
as follows:

1eV =1.602177 - 107 ] = 4.45049 - 1072 Wh
=1.634- 10 ®kpm = 1.602 - 10" erg (2.1.2)

The energy of an electron E, as calculated for example by Eq. (2.1.1) for the
valence electron of hydrogen, is defined as the amount of work which is required
to lift it from its orbit, against the attractive force of the positively charged
nucleus, and to move it to an infinite distance from the nucleus. It is also
possible to speak of an energy potential, called ionization potential because the
formation of an ion results when an electron is lost from an atom. In
Sections 2.2.2 and 4.5 reference to this idea will be made, describing ionization
through interaction with electromagnetic radiation.

The wave function describing the stationary state of an electron is called the
orbital. Sometimes the term orbital cloud is used, which gives a better
illustration of the statistical nature of the electron distribution. Spherical
orbitals, as in the case of the hydrogen atom, occur when I = 0; m = 0. Such
charge clouds are called s-orbitals.

For: n = 2, not only I = 0, but additionally, the azimuthal quantum number
I=1 is possible. In this case, the corresponding orbital resembles a double
sphere. The position of the common axis of this double sphere will be
determined by the magnetic quantum numbers m = —1; m = 0 and m = +1.
These shapes are called p-orbitals, with the variants p,, p,, and p, (see Fig. 2.1).

When the azimuthal quantum number is I = 2 then there are five possibilities
for m, namely the numbers —2, —1, 0, +1, and +2. Accordingly, in this case five
different orbitals are possible. These so-called d-orbitals play an important role
in the ligand field theory of coordinative bonds which will be explained in
Section 2.1.4.
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Fig. 2.1. Schematic representation of the s-, p-, and d-orbitals. For clear demonstration of the
geometric conditions, the clouds are cut at certain amounts of probability. Therefore, the sharp
borders of the orbitals do not reflect their realistic structure

It must be underlined that the spin quantum number does not influence
either the shape, or the size of the orbitals. This parameter is important in
connection with the pairs of valence electrons when considering the Pauli
principle.

2.1.2
Covalent Bonds, Molecular Orbitals

The calculation of molecular orbitals provides the basis for the theoretical
interpretation of atomic interactions. A mutual approach of atoms is accom-
panied by an overlapping of their electromagnetic fields and, consequently, by a
change in the wave function of their electrons. The energy levels of the wave
functions, modified in such a way, can sink lower than the sum of the levels of
energy of the undisturbed atoms. In this case the connection of the two atoms
becomes a stable chemical bond.

The intramolecular bonding energy of atoms consists of several components.
The Kinetic energy of the electrons, the electrostatic interaction among the
electrons, and the interactions between electrons and nuclei, for example, are to
be included in this calculation. These components have different signs, and their
Interaction forces are determined by various functions of distance. If at a certain
d}stance the sum of all of these energy functions becomes a minimum then this
distance will determine the bonding distance between two atoms in the
molecule. This function has been accurately calculated just for H,, the simplest
molecule, which consists of two proton nuclei and one common electron. Yet
serious problems already occur when calculating other, more complicated, di-
atomic molecules.



10 Chapter 2: Molecular Structure of Biological Systems

The most important chemical bond is the covalent bond. It can only occur if
two mutually approaching atoms have unpaired electrons in their valence shells.
This means that both relevant orbits are each occupied by one electron only,
thus leaving space for another electron. In this case the Pauli exclusion principle
is not violated. Figuratively speaking, an electron pair with anti-parallel spin
quantum numbers is formed, being common to both atoms, and forming a type
of molecular orbital.

This may be explained using carbon, the atom of greatest importance for
biological systems. The distribution of the valence of bonding electrons of the
carbon atoms can be characterized by the following formula:

257 2p, 2p,.

Consequently, there are three occupied orbitals which belong to shell n = 2. The
px- and p,-orbitals are each occupied by one unpaired electron (no exponent,
i.e., exponent = 1), but the s-orbital is occupied by an electron pair (expo-
nent = 2). Hence, only two of the four bond, or valence electrons are able to
form bonds. It is, however, a peculiarity of the carbon atom that it jumps to
another energy state immediately prior to a reaction by a relatively low energy
input (some 250 kJ/mol). For this, one of the two electrons of the s-orbital
moves to a completely unoccupied p,-orbit:

257 2p, 2py — 252p5 2P, 2p,.

This is a specific property of the carbon atom, and it is just one of the many
other physiochemical peculiarities which enabled the emergence of life at all.
The nitrogen atom, in contrast to this, is not capable of such modification. Its
valency electrons may be formulated as follows:

257 2p, 2p, 2p,.

Consequently, the nitrogen atom remains trivalent in its reaction.

As a first approach, molecular geometry can be represented by a simple
overlapping of the orbitals of the involved atoms. The configuration of the H,0
molecule, using this principle, is depicted in Fig 2.2A. Oxygen has two unpaired
electrons with 2p,- and 2p,-orbitals. Hence, the 1s-orbitals of the two hydrogen
atoms can only form bonds with the two electrons if they come from two defined
directions. This leads to an electron cloud built up by one electron from each
atom (with different spin numbers!) which is common to both atoms.
Accordingly, this is defined as an sp-bond.

The above example illustrates the angular orientation of the covalent bond.
Measurements have shown, however, that significant deviations can occur from
the models which had been obtained by simple geometrical considerations. For
example, in the water molecule, the bonding angle between the two hydrogen
atoms is 104.5° (Fig. 2.2A) and not 90°, as might have been expected from the
orientation of the 2p,-orbital of oxygen toward its 2p,-orbital (Fig. 2.2A). Such
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Fig. 2.2. A H,O-molecule
(simplified construction

using the overlapping of the
atomic orbitals); B sp’-
hybrid-orbital of CHyg C 7- @
orbital of a double bond;
D m-orbitals of benzene
(after Christen 1968)
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shifts of bonding angles are the result of mutual electrostatic repulsion of the
valence electrons. These divergences can be even stronger in other molecules.
The four bonding orbitals of the carbon atom in the promoted state have already
been discussed. Correspondingly, in methane (CH,), the three hydrogen atoms
should form sp-bonds at right angles to one another, while the ss-bond should be
fully undirected. In reality, however, the four hydrogen atoms are found to be in
a precise tetrahedral arrangement (Fig. 2.2B).

These examples show that simple geometrical constructions are not sufficient
to indicate a realistic picture of the molecule orbitals. For accurate analysis, the
Schrédinger equation must be resolved for the entire molecule, or at least for
some parts of it. Approximative calculations of this kind result in so-called
hybrid orbitals, which reflect all of the interactions within the given molecule.
The tetrahedrally arranged bond angles of methane, for example, correspond to
so-called sp’-orbitals. The number 3 in the exponent, in this context, indicates
that a hybridization of one s-orbital occurred with three p-orbitals.

The sp-orbital, and the sp’-hybrid orbital indicate rotational symmetry.
Bonds of this kind are called g-bonds. They may be subjected to thermal
rotations, as described in detail in Section 2.3.6. The electrons involved in such
bonds are called -electrons. In case of double bonds, so-called -orbitals occur
with corresponding n-electrons. Such orbitals are not symmetrical with regard
to their bonding orientation, as may be seen from Fig. 2.2C.

. From Table 2.1 it can be seen that, in a double bond, the interatomic distance
1s shortened when compared with that of a single bond. The total energy of a
double bond is smaller than the sum of energies of two single bonds. In contrast
to the classical model of Kekulé, the benzene ring must not be perceived as a
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Table 2.1. Properties of biologically important bonds. (After Pullman and Pullman 1963)

Kind of bond Bond distance (nm) Bond energy (kJ mol™")
Cc—C 0.154 348

Cc=C 0.133 615

C=C 0.121 812

N—N 0.145 161

N=N 0.124 419

N=N 0.110 946

C—N 0.147 292

C=N 0.126 615

C=N 0.115 892

Cc—0 0.143 352

C= 0.114 716 (for aldehydes)

729 (for ketons)

Cc—S§ 0.182 260

=S 477

c—Cl 0.176 329

O—H 0.096 463

N—H 0.101 391

S—H 0.135 340

C—H 0.109 414

static arrangement of alternate single and double bonds, but rather as a
continuos 7-orbital in which the n-electrons can move around the ring.

Molecule orbitals may sometimes result in a considerable charge displace-
ment within the molecule. Simply, this can be illustrated by considering that
the electron pairs common to two atoms in a covalent bond are distributed
asymmetrically. In other words, the molecular orbital of the bond is shifted
toward one of the two covalently bonded atoms. The atom with the greater
probability of the presence of the electron pair is more strongly “electroneg-
ative” than the other one.

In this respect, a series of atoms with an increasing degree of electronegativity
can be constructed. In the periodic system of elements this series is directed
toward increasing atomic numbers within the periods as well as within the
groups. Hence, the following relation applies:

H<C<N<O<«<F and
J <Br< Cl <F.

In this way, the displacement of bonding angles within a water molecule can be
explained. Because of the strong electronegativity of the oxygen atom in relation
to the hydrogen atom, a dipole O—H results and, consequently, the two
hydrogen atoms will repel each other (for more details on the structure of water
and the importance of this polarization effect, see Sect. 2.4.2). This polarization
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effect contributes directly to the bonding energy. About 22% of the bonding
energy in a C—O bond, and 39% in a H—O bond are attributable to this effect.

213
lonic Bonds

If the polarization effect of covalent bonds, as described in the previous section,
is pushed to the extreme, it is no longer possible to refer to a molecular orbit,
nor to bonding electrons. There occurs a total transmission of an electron from
the valency orbital of one atom to that of the other. This causes a full separation
of charges. Ions are generated, which attract each other electrostatically. With
the loss of the molecular orbitals there also occurs a loss of the molecular
identity. Strictly speaking, it makes no sense to use the term NaCl-molecule. In
solutions, the molecular character of this salt is just expressed by the
stoichiometric relation of the number of anions and cations. A crystal of NaCl,
on the other hand, can be considered as a super molecule, because in this case
the ions are arranged in an electrostatic lattice.

The ionic bond, in contrast to the covalent bond, can be considered simply
from an electrostatic point of view. The basic formula of the electrostatics is
Coulomb’s law. It defines the force (F) with which two points, carrying electric
charges (g,) and (q,), repel each other at a distance (x) in a vacuum.

9192

o (2.1.3)
(The meaning of the electric field constant g, = 8.854 - 1072 ¢ v m™! will be
explained in Chap. 2.4.1). This equation also makes it possible to calculate the
bonding force, as the negative value of the force (—F) which is required to
separate two ions. This force, however, is not measurable directly. It is better
therefore to transform this equation in such a way that it can provide
information on the bonding energy or, which is the same, on the energy of
ionization. The bonding energy is equivalent to the work which is necessary to
move a given ion from its bonding place up to an infinite distance from the
counter ion. A work differential (dW), which has a very small, but finite value,

can be calculated from the product of force (F) and a corresponding distance
differential (dx):

dW - _ 99 :
ok ax | (2.1.4)

The sign of dW depends on the point of view or consideration, and thus is a
matter of definition. Work applied to a system (e.g,, by combination of the ions)
Means a gain of work by the system, and at the same time a loss of work by
the environment. As in the majority of textbooks, we will consider here positive
dW as a gain of work by the system. Furthermore, positive dx means an
enlargement, negative dx, on the other hand, a diminution of the distance
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between the charges. In the case under review [Eq. (2.1.4)], dW becomes positive
if the signs of 4, and g, are equal, and both charges are moved toward each other
(this means: dx < 0).

The overall work (W) which would be necessary to move the particles from
the distance x = 0o closer to the bond distance x = x, can be obtained by
integration of Eq. (2.1.4) within these limits.

W:/dW:/— L LI P L (2.1.5)

47!8()3(?2 47!8()3(?1 ‘

As Eq. (2.1.5) applies to any value of x, no index is required for these variables.
Bonding energy (E) we defined above as the energy needed to interrupt the
bond, this means, to move the particle from x = x, to a distance x = cc. Hence,
E=-W.

Let us illustrate this situation by the following consideration. What is the value
of the bonding energy between a Na™, and a Cl™ ion? The charge of either ion is
based on the excess or the lack of one electron respectively. The electrostatic
charge of a single electron is 1.602 - 107"° C. This value, furnished with the
appropriate sign, must be inserted in Eq. (2.1.5). Now, information on the
bonding distance (x) is still required. On account of their electrostatic attractive
force, both ions would fully fall into each other, however, at the minimum
distance of approximation a strong electrostatic repulsion is generated. This
repulsive force is related to the structure of their inner electronic orbits. The
minimum distance of approximation of 