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1. INTRODUCTION

.HE development of chemistry, which has created
an important new area of technology, the synthetic
polymer industry, and the development of biology,
which has led to the physicochemical in terpreta-
tion of the basic phenomena of life, have presented
new problems of the highest degree of scientific
interest to the science of physics.

The application of polymeric substances (in d i s -
tinction from other mater ia ls produced by the chem-
ical industry) is based on their physical propert ies ,
ra ther than their chemical proper t ies . In practice
the most important a re the mechanical propert ies
and also the dielectric proper t ies . One may refer
to the high elasticity of synthetic rubbers , the ex-
ceptional durability of plastics and synthetic fibers,
and the valuable electrical insulating propert ies of
a se r ies of technical polymers. The combination
of various propert ies in one substance is essential .
Thus, for example, the polymeric material used
for automobile t i r es must possess high elasticity
(i .e . , large reversible deformation with a low
modulus of elasticity) over a wide temperature
range and over a wide range of frequencies of
mechanical action. It must also show high r e s i s t -
ance to wear, and high toughness. It is obvious
that the low density of the rubber is no less im-
portant. Only polymers possess such complex
physical proper t ies ; it is just for this reason that
they have attained such a great role in modern
technology. Their present and future development
is closely connected with the development of mo-
lecular and theoretical physics. The basic p rob-
lem of the physics of polymers may be formulated
as follows: the establishment of the relation between
the chemical s t ructures of polymeric substances
and their physical proper t ies .

The physics of polymers is a division of tech-
nical physics. The content of this field, however,
cannot at all be reduced to the application of p r e -
viously-established principles to a new field of
technology. On the contrary, the specific study
of the molecular s tructure of polymers (they are
composed of long-chain molecules consisting of
a large number of atoms) and of their physical
propert ies has already required the development
of essentially new theoretical concepts, and above

all, of new branches of statistical physics. In this
sense, one may speak of a certain similarity of
the physics of polymers to the physics of f e r ro -
magnetic mater ia ls .

The technical problems associated with fe r ro-
magnetism led to the development of a special field
of theoretical physics, to the establishment of the
theory of second-order phase transit ions, and to
the concept of domain structure of ferromagnetic
mater ia ls , which is the basis of the theory of mag-
netization technology. The physics of polymers
encounters even more complex theoretical p rob-
lems since it deals with an unlimited set of diverse
substances occurring either in the crystalline state
or, for the most part , in the amorphous state. Here
the significance of theoretical studies in the field
of polymer physics is determined by three factors.
Firs t , the theoretical physics of polymers must
become in the future the basis for creation of new
mater ia ls with especially valuable propert ies , and
the basis for further development of polymer tech-
nology. Second, the development of the theoretical
physics of polymers means an extension in pr inc i -
ple of molecular physics, which has previously
been concerned with liquids and crystals consist-
ing of small molecules. As has been mentioned,
such an extension leads to the creation of new
conceptions which a re , in the last analysis, of
general physical significance. And finally, it is
precisely by way of polymer physics that science
must approach the solution of the most important
problem of natural science, the problem of life.
The basic substances from which living organisms
are made (proteins, nucleic acids, carbohydrates,
etc) a re polymeric, high-molecular-weight sub-
stances. In order to establish the physico-chem-
ical nature of the phenomena of life — heredity,
muscle action, t ransfer of nerve impulses, etc —
a physical theory of macromolecules is necessary,
in part icular , the macromolecules of polymeric
electrolytes, which can carry electric charges.

The macromolecular nature of living organisms
is obligatory, especially in view of the peculiarities
of large chain molecules. One may characterize
the specific propert ies of macromolecules which
determine their role in biological systems as
follows:1

Macromolecules a re characterized by a high
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degree of individuality, and at the same time main-
tain their integrity and continuity of s t ructure . This
degree of individuality is determined both by the
chemical and geometric distribution of links in the
polymeric chain, and by the multiplicity of config-
urations of the chain as a whole. In a macromole-
cule, it is possible for essential changes in the
st ructures of the links to occur without the de -
struction of the s tructure of the chain as a whole.
The macromolecules of polyelectrolytes have the
property of transforming chemical energy into
mechanical energy, and vice versa . Thus they
provide for the existence of mechano-chemical
systems operating at constant temperature and
p r e s s u r e . The multiplicity of internal and external
s t ructures of macromolecules makes possible the
storing of vast amounts of information within them,
and the subsequent transfer of the information in
associated reactions. Macromolecules possess
special possibilities for participation in i r r e v e r s -
ible processes occurring in open sys tems. These
possibilit ies a r i se from the great number of in-
ternal degrees of freedom, the configurational
lability of polymeric chains. Finally, macromole-
cules a r e characterized by a significant geometric
and energetic diversity of s t ructure and propert ies
on the supermolecular level, as in aggregates and
in oriented and crystalline polymers . The inherent
non-equilibrium character of the ser ies of aggre-
gates which are formed by macromolecules is e s -
sential to them.

We shall attempt to define the fundamental p rob-
lems of the theoretical physics of polymers. This
is not a simple question, since we a re dealing with
a unified complex of phenomena, not easily sub-
jected to analysis.

The objects of study a re two types of aggrega-
tions, the ensemble of atoms or chemical bonds
joined together in the macromolecular chain, and
the ensemble of such chains in the bulk polymer.
The second type is important in technology. How-
ever, in order to understand the propert ies of the
bulk polymer, it is necessary to make a p re l imi -
nary study of the propert ies of the isolated macro -
molecule. Isolated macromolecules exist only in
solutions in solvents of low molecular weight.
These solutions were considered for a long time
to be colloidal; later it was shown that they a re
molecular in nature, and the difference in their
behavior from that of ordinary solutions is caused
by the long-chain structure of macromolecules.
A fundamental role was played here by the work
of Staudinger (see reference 2) , and especially
by V. A. Kargin and his coworkers.3

The basis of the statistical thermodynamics
of polymer solutions has already been developed.

It has been shown that the essential deviations in
the propert ies of these solutions from those of
ideal solutions a re caused by the flexibility of
macromolecules, which are capable of taking on
many different configurations in solution. For
purposes of calculation, the theory makes use of
the partition function of the so-called lattice model
of the liquid. The solution is considered to be in
the form of a lattice characterized by a definite
coordination number. Within each unit cell of the
lattice there may be found either a segment of the
polymer chain, which is considered to be freely
jointed, or a molecule of the solvent. The s ta t i s -
tical theory permits the interpretation of the ob-
served values of the vapor p ressure , and the heat
and entropy of solution. The basic resul t of these
studies is the conclusion that macromolecules are
actually flexible ofjects having a large number of
configurations. The concrete values of the pa r am-
eters characterizing the flexibility of macromole-
cules may not, however, be determined directly
from the thermodynamic behavior of the solutions.
This is because the number of configurations which
the chain possesses in the bulk polymer is not
changed upon solution, to a first degree of approxi-
mation. The statistical thermodynamics or polymer
solutions is presented in a ser ies of monographs.4 '5 '6

There a r e a number of unsolved problems here; the
applicability of the lattice model is limited, and the
theory developed from it does not permit answers
to a se r ies of questions relating, in part icular ,
to dilute solutions. A detailed analysis of the
lattice model has been carr ied out by Prigogine.7

The study of polymer solutions is a fundamental
method of determination of the molecular weights
of polymers and their polydispersity. The v iscos-
ity of the solution, the osmotic p ressure , and the
intensity of light scattering depend on the number
of atoms in the chains. Molecular weights a re de-
termined by the methods of diffusion and sedimen-
tation in the ultracentrifuge.4 '6 For this reason,
these methods have a great practical and theoret-
ical significance. Their development and further
refinement requires the solution of the problems
of the hydrodynamics of polymer solutions, which
encounter significant difficulties. The problem is
that of the kinetics of the motion of the flexible
macromolecule, whose links interact with one
another. In spite of the ser ies of substantial
studies which have been made, no complete theory
of the mentioned phenomena has ever been devel-
oped.

The same methods, to which must be added the
studies of dynamic birefringence (the Maxwell
phenomenon) and the asymmetry of the light-
scattering indicatrix, give valuable information
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about the dimensions and form of macromolecules
in solution. The experimental data show that flex-
ible macromolecular chains in the free state are
wound into coils having linear dimensions much
smaller than the extended chain length.

The basic physical characteris t ic of a flexible
macromolecule is its s ize. A chain molecule is
a statistical ensemble of links having some degree
of independent motion. The configurational s t a t i s -
tics of macromolecules requires the solution of
certain specific problems in the theory of proba-
bility which a re not encountered in other fields of
physics. We gave a review of the status of this
problem in 1953.8 In the course of the years , the
configurational stat ist ics of polymers has been de -
veloped widely. It has dealt successfully with the
dimensions of macromolecules, their dipole mo-
ments and optical anisotropy, and their behavior
under tensile s t r e s ses as a function of their chem-
ical s t ructure . We shall return later to these ques-
tions .

Thus the problems relating to isolated m a c r o -
molecules have, on the one hand, a s ta t is t ical-
thermodynamic character , and on the other hand,
a kinetic character . The same is t rue of bulk
polymers, with the distinction that it is much harder
here to car ry out the experimental determination
of the equilibrium (thermodynamic) and non-equi-
librium (kinetic) propert ies of the substance.
These propert ies a re closely connected together,
and to consider them separately implies a definite
simplification of the problem. However, such a
simplification is necessary.

The fundamental problems in the physics of bulk
polymers are associated with the study of the de -
gree of order in their amorphous and crystalline
s ta tes . This involves the study of the charac ter -
ist ics of the intermolecular interactions of the
macromolecules which determine the cooperative
character of their motions in the bulk polymer, as
well as the intramolecular interactions which give
r i se to cooperative motions within one macromo-
lecular chain. The study of the thermoelastic
propert ies of rubber led to the demonstration that
the elasticity of rubber is quite specifically based
on entropy, and led to the development of a c o r r e -
sponding statist ical theory. This theory, however,
does not agree with experiment in a number of r e -
spects . This is explained by the failure of the
theory to take into account the intermolecular in-
teract ions, that i s , the "gas-l ike" character of the
theory. We do not yet have a physical theory which
would permit us to relate the highly elastic p roper -
t ies of rubber to its s t ructure . The establishment
of such a theory would be very valuable for tech-

nology. Some related questions will be discussed
in detail below.

The problems of the kinetic relaxation behavior
of bulk polymers a re even more complex. It is p r e -
cisely the kinetic propert ies which a re important
in technology, since there a polymeric mater ia l
must function according to a definite time schedule.
As the studies of S. N. Zhurkov9 have shown, the
strength of polymeric and also other mater ials is
a kinetic character is t ic . The experimental study
of the kinetic propert ies of polymers, begun in the
classic studies of A. P . Aleksandrov and Yu. S. La-
zurkin10 and of P . P . Kobeko and his coworkers,1 1 '1 2

have revealed the basic features of the phenomena.
However, a deep theoretical study of these encoun-
te r s significant difficulties. The most important
of these is connected with the occurrence of spec-
t r a of relaxation t imes in polymers, as a function
of the chemical s tructure of the macromolecules.
A substantial step in this direction was made in
the work of V. A. Kargin and G. L. Slonimskit13

(see also reference 14). The propert ies of the
vitreous state of polymers a re closely associated
with their relaxation proper t ies . The study of the
vitreous state of polymers is of general signifi-
cance in the understanding of the nature of glasses .
These questions will also be discussed below.

An entire se r ies of polymers exists in the
crystalline state. It is precisely this state which
is inherent in strong fibrous mater ia ls , and in p a r -
ticular, is found in the stereospecific polymers.
The crystalline state of polymers is characterized
by a number of propert ies which distinguish it from
the crystalline state of molecular compounds. The
theoretical and experimental study of the crys ta l l i -
zation and melting of polymers is of the highest de-
gree of scientific and technical significance. The
problems of the phase state of polymers and the
nature of the observed thermodynamic transitions
a re of great interest . It must be emphasized that
transformations that have all of the character is t ics
of thermodynamic transitions occur not only in bulk
polymers, but also in isolated macromolecular
chains in solution. Such transitions of the o rde r -
disorder type are observed in proteins and nucleic
acids.1 5 In this process , the regular helical config-
uration of the macromolecule is transformed into
the configuration of a random coil.

The brief enumeration given here of the theoret-
ical problems of polymer physics is provisional,
and is far from encompassing the entire field being
discussed. All of the mentioned problems are
closely connected together; thus, for example, the
physics of the elasticity of rubber utilizes both the
resul ts of the configurational statist ics of mac ro -
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molecules and the resul ts of the study of the c r y s -
talline and amorphous states of bulk polymers . The
remainder of this discussion will be an attempt to
character ize the state of the theory, as applied to
some of the most important problems of polymer
physics. This attempt will be to a certain degree
subjective, since pr imary attention is directed to
the problems in which the author and his assoc i -
ates have been interested.

2. THE CONFIGURATIONS, STATISTICS OF
POLYMERIC CHAINS

The macromolecules of polymers a re long chains
which, as a rule, a re composed of single bonds of
the types C—C, C—O, Si—O, etc. Of this type,
for example, a re the technically important poly-
m e r s — polyethylene

/ 2 \ C H . / 2 X C H . / ' \

and natural rubber

The flexibility of macromolecules, which has been
proved by the experimental study of polymer solu-
tions, is determined, in part icular , by the p rope r -
t ies of the single bonds. As is shown by many data
relating to the thermodynamic, optical, and other
propert ies of small molecules containing single
bonds, internal rotation of part of the molecule
about these bonds occurs, and is hindered in some
degree or another.16 '17 '18 Thus, for example the
ethane molecule H3C—CH3 has the configuration
shown in Fig. 1. It is obvious that the configura-

FIG. 1. Structure of ethane
molecule.

Her •oH

tions obtained from that shown in the diagram by
rotations of 120° and 240° about the C—C axis
are equivalent to the original configuration. How-
ever, in order to bring about such a rotation, an
energy Uo of 2750 cal /mole is necessary. The
potential of internal rotation in ethane may be
represented by

U = yC/0(l— cos 3?), (1)

where q> is the angle of internal rotation, as m e a s -

ured from the transconfiguration of the molecule
shown in Fig. 1.

The reasons for the hindrance of internal ro ta -
tion in molecules have not been completely eluci-
dated as yet. The hindrance is caused by the in ter-
action of atoms which a re not directly connected to
one another, in the given case, the hydrogen atoms
which are connected to different carbon atoms. The
interaction is not, however, simply a van der Waals
repulsion of the atoms, but has a more complex
character . A semi-empir ical theory of hindered
rotation has been developed on the basis of the con-
cepts of quadrupole and octupole interactions of
chemical bonds.18 '19 The role of van der Waals r e -
pulsion was studied in the papers of Mason and
Kreevoy.20 A paper of Pauling21 was published r e -
cently, showing that the hindrance of internal ro ta -
tion is caused by exchange repulsion of the C—H
bonds, in which, along with the s and p states,
d and f electronic states also part icipate.

If a molecule in which internal rotation is pos -
sible has a symmetry lower than C3, then the con-
figurations corresponding to the minima in the
energy of internal rotation U (<p ) a re non-equiva-
lent. They a re characterized by differing symme-
t r ies and differing energies . Such configurations
a re called rotation i somers . Thus, the molecule
of n-butane H3C—CH2—CH2—CH3 exists in the
form of three rotation isomers (see Fig. 2). The
t r a n s - isomer of butane shows the lowest energy,
the energy of the twisted (gauche) isomers being
larger by approximately AE = 800 cal /mole . The
existence of rotation isomers may be demonstrated
by the method of vibration spectra, by measu re -
ment of dipole moments, etc. It is obvious that on
change in temperature, a change in the relative
proportions of the rotational i somers will occur,
in agreement with the Boltzmann distribution.
Rotational i somers cannot be separated in the
gaseous or liquid states, since the ra te of ro t a -
tional isomerization, which is determined by the
height of the potential ba r r i e r , is of the order of
1O10 sec" 1 . On crystallization, the molecules a c -
quire the configuration of the single most stable
isomer; thus, normal paraffins crystall ize in the
form of planar zigzag trans-chains ( isomer 2a
in the case of n-butane).

Internal rotation takes place also in polymer
chains containing single bonds (in part icular ,
C—C). Occurring in each link in the chain, the
internal rotation has the character of a m i c r o -
Brownian movement. The macromolecule is con-
tinually fluctuating, and acquiring a multiplicity
of configurations. It is easy to show that the
most probable state of such a chain corresponds
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FIG. 2. Rotation isomers of n-butane:
a —trans, b and c — twisted (gauche).

a)

to its winding up into a random coil. If the links
have a certain freedom of rotation with respect
to one another, then the degree of correlation be -
tween the directions of these links will decline
rapidly with increasing distance between the links,
as measured along the chain. Links which are
sufficiently separated from one another a re inde-
pendent in orientation. Hence it is possible to
replace the study of the real chain by the study of
a simple model, consisting of a large number Z
of freely-jointed segments of length b . The s ta t i s -
tical problem then reduces to that of finding the
distribution function of the distance between the
ends of such a chain. This problem is completely
analogous to the stochastic problem of the average
distance travelled by a particle in Brownian move-
ment.

The distribution function for the distance is the
Gaussian function8

w

and we find that

/t = 0,
It2 = Zi2.

(2)

(3)
(4)

Thus, the root-mean-square length of the chain is
less than the contour length by a factor of Vz~.
The Gaussian distribution (2) is valid under the
conditions, Z » 1, and VK2 « h m a x = Zb, that
i s , for sufficiently long, highly coiled chains. The
distribution function in the general case was found
by Kuhn and Grun22 (see reference 8) . Formula
(4) cannot be compared with experiment, as a rea l
chain is not freely jointed, and the quantities Z
and b have an undefined character . From the
statistical point of view, the polymer chain is a
Markov chain, since the orientation of each link
of the chain depends in some degree on the or ien-
tations of the preceding links. If the rotations
about the individual links are independent, then
the position of a given link will depend on the posi -
tions of the two preceding links. Calculation shows
that, for chains having a symmetrical potential of

.oH H3C

H H H H

b) c)

internal rotation [ U (cp) = U (— <p), for example,
polyethylene], the mean-square length of the chain
is equal to (see reference 8)

1 — COS 1 — 7) (5)

where N is the number of links in the chain, I is
the length of a link, TT - a is the valence angle in
the chain, and TJ is the mean value of the cosine
of the angle of internal rotation, that is :

COS <pe
Tj = COS <p = • a (y)

kT
(6)

d'y

The first paper in which the hindrance of internal
rotation in a polymeric chain was taken into account
was the paper of S. E. Bres ler and Ya. I. FrenkeF.2 3

The topic discussed was not internal rotation, but
torsional oscillation about a single equilibrium po-
sition. From the work of Bres ler and FrenkeP is
derived the formula

- - - - -
cos a 1 — T

(7)

which is a special case of the more general formula
of Taylor (5), for TJ S 1, that i s , for very rigid
chains.

The calculation of TJ in the general case is dif-
ficult, since the potential U (cp ) is not known. The
theory of rotational i somers leads to a substantial
simplification of the problem; thus, this theory has
become the basis of the modern configurational s ta -
t is t ics of polymer chains. According to this theory,
the polymer chain must be considered as an equi-
librium mixture of rotational isomers . 2 4 ' 8 In its
internal rotation, each link may not acquire any a r -
bi t rary orientation, but only certain definite ones,
which a re characterized by varying energy values.
In fact, it may be easily seen that in polyethylene,
for example, rotational i somers of the same types
as in n-butane (Fig. 3, cf. Fig. 2) a re possible.
The existence of rotational isomerism in polyethy-
lene may be shown directly by infra-red spectro-
scopy: on change of temperature, changes occur
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FIG. 3. Rotational isomers of
polyethylene: -̂ . — continuation of the
chain.

H a

in the relative intensities of the infra red bands
belonging to the different rotational i somers . 2 5

Taking into account the fact that in polyethylene
isomers having_ <p = 0°, ± 120° exist, we find, upon
neglecting the entropy difference of the rotational
i somers ,

1 — e
ill

" I F

Thus, in this case the dimensions of the chain a r e
determined by a single energy parameter , the en-
ergy difference AE between the rotational i so-
m e r s . The quantity t] is found to depend directly
on the temperature . This dependence disappears
only in the case of free rotation, for which AE = 0.

Formula (5) was derived for chains with sym-
metr ical substituents. If the substituents a re un-
symmetrical, as for example, in polystyrene,

— CH2 — C — CH2 —• C —

C^Hj H H CCH5

the potential U (cp) will no longer satisfy the con-
dition U (cp) = U ( - cp ), and the expression for h 2

will be different. Here, it is suitable to distinguish
three cases . In the first case, the substituents
(CgC5 in polystyrene) may all be distributed on
the same side of the chain (Fig. 4). Such polymers
a r e called isotactic. In the second case, a regular
alternation of right-handed and left-handed substi-
tuents may occur (Fig. 5). Such polymers a r e
called syndiotactic. Finally, an i r regular distr ibu-
tion of right-handed and left-handed substituents
may occur in an atactic polymer. Natta 2 6 was the
first to synthesize stereospecific — isotactic and
syndiotactic — polymers. This discovery is very
important both for technology and for the theoret-

H H H H H H H H

R H R. H

ical physics and chemistry of polymers. Stereo-
specific polymers were found to have new technical
propert ies . The ordinary atactic polystyrene is a
vitreous, amorphous plastic. Isotactic polystyrene
is a crystalline mater ia l from which a strong fiber
may be obtained. At present, new methods have
been found for obtaining stereospecific polymers.
It has been shown that even atactic polymers do
not have a completely disordered s t ructure. Ap-
parently, they consist of whole blocks of isotactic
and syndiotactic links. The synthesis of s tereo-
specific polymers is an important stage on the way
toward the understanding of the nature of biosyn-
thesis . Biological polymers a r e always character-
ized by a definite stereospecificity (see reference 1).

T. M. Birshteln and O. B. Pt i t syn 2 7 ' 2 8 have de-
rived formulas for the stereospecific chains
- C H 2 - C H R - and - C H R - C H R - . We shall give
the expression for the isotactic chain —CH2—CHR—:

T 2 _ ,y. 2 l+<:osa 1 — Tj2 — s2

1 — cosa (1 — Y))2 + s2

and for t h e s y n d i o t a c t i c cha in — C H 2 — C H R — :

T->. j\rJ2 1+COSa 1—(T]2 + S2)2

1— COS a (1 — 7

(8)

(9)

Here e = sin q>. The same method of calculation
of the mean vectorial character is t ics was applied
to the calculation of the dipole moments of such
chains. 2 9 The effective dipole moment of a random-
coil macromolecule with polar substituents was
found to depend essentially on the stereo-chemical
s tructure of the chain and on the character of the
dipole interaction.

The comparison with experiment of the formulas
for h2 and the dipole moment which were derived
in the cited papers does not lead to good agreement,
although it permits the explanation of the observed

H H H H H H H H

\ H \

FIG. 4. Structure of an isotactic polymer.

R " 'H " R №

FIG. 5. Structure of a syndiotactic polymer.
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orders of magnitude. As has already been indicated,
the cited formulas were derived under the assump-
tion that the internal rotations of the individual
links are independent. This means that only the
interactions of each atom with the two atoms d i -
rectly connected to it in the chain are taken into
account. However, it is clear that the interaction
of heavy neighboring groups which a re not connectec
to adjacent atoms must play an essential role . When
these interactions are taken into account, the p rob-
lem of calculation of the dimensions of the dipole
moments is no longer the Markov problem, and
must be solved by another method. O. B. Ptitsyn
and Yu. A. Sharonov30 (see also reference 27) have
solved this problem for the chains —CH2—CR2—
and — CH2—CHR—, neglecting the interactions of
the methylene groups CH2, and taking into account
only the interactions of the heavy side groups R.
In other words, they took into account the co r re la -
tions of the internal rotations within one monomer
unit. Analogous calculations were published sub-
sequently by Lifson.31

It is natural that the formulas derived by taking
into account the correlation of internal rotation con-
tain more parameters than the formulas which do
not take into account this correlation. Along with
•q and e, the expressions for h2 and /i2 contain
the quantities rjj = cos cpi cos (pi+i and e t =
sin (pi sin (pi + i, where <p\ and cpi+i axe the ro ta -
tion angles about two adjacent bonds in the chain,
situated between R -groups. In order to compare
the derived formulas with experiment, more de-
tailed information about rotational isomerism in
polymers is required. Such information can be ob-
tained from the data on the s tructure of the poly-
mer ic links in the crystalline state, making use
of symmetry proper t ies . As has been already
shown, when substances, which occur as a mixture
of rotational i somers in the amorphous state are
crystallized, they exist in the crystal as one single
isomer . According to x-ray data, polymers c r y s -
tallize either as planar t rans chains (polyethylene,
syndiotactic polybutadiene, etc) or in the form of
helices (polyisobutylene, isotactic polystyrene,
e tc ) . If two successive links in the chain are
characterized in the crystalline state by rotation
angles (<P\, <p2), from symmetry considerations
it follows that in the free chain the rotation i so -
mer (-(pi, -(Pz) might also occur. The angles
<Px and cp2 a re found from x-ray data. The ca l -
culations carr ied out by O. B. Ptitsyn and Yu. A.
Sharonov were in agreement with experiment. For
polyisobutylene, —CH2—C(CH3)2—, <p - 82° and
7T — a = 114°, according to the x-ray data. From
these values, Ptitsyn and Sharonov find a ratio of

the dimensions calculated with correlation taken
into account to those calculated by formula (5),
(h2/n~Q)V^ = 1.8. The value given by experiment
is 1.9 to 2.3. Agreement of the same character
was obtained also for other polymers . It must be
emphasized that taking correlation into account
has differing effects on the dimensions and on the
dipole moments. Thus, for the chain —CH2—CR2—
the formulas taking correlation into account may
be written as follows (the valence angles being
considered tetrahedral , a = a ~ ) :

h- = A72 l-j-cosaT

1—COS CC, 1 —

= » « . 2 f ± ^ ( l - A ) = l t . 2 ( l - A ) .

A =

(10)

(11)

(12)

Here, n is the number of polar R -groups in the
chain, and m0 is the dipole moment of an R -group.
We shall consider two chains with monomer units
characterized respectively by rotational i somers
(q),(p) and (cp, -cp). From symmetry consider-
ations, it follows that i somers {-(p,-cp) also
exist in the first chain, and (— q>, q>) in the second
chain. In both cases , TJ = cos (p, and consequently,
the quantities h2 and fx\ a re identical for both
cases . However, according to (12), A = 1 for the
first chain, while A = — 1 for the second chain.
Hence, for the first chain h2 is twice as large as
the value calculated by formula (5), while ju2 = 0.
On the contrary, for the second chain, h2 = 0,
while n2 = 2/u2.

Thus, the theory of rotation isomerism permits
the study not only of the internal rotation in the in-
dividual links, but also the correlation of internal
rotations. However, it is not sufficient to take into
account only the correlation within one monomer
unit. Actually, the internal rotations in adjacent
monomer units a re also correlated, and strictly
speaking, rotations are correlated along the whole
chain. The rotational-isomer approximation p e r -
mits one to take into account the interactions of
the internal rotations in adjacent monomer units
also. Yu. Ya. Gotlib32 has developed a correspond-
ing theory for chains with symmetrical substituents.
For the chain —CR2—CR2—, the theory gives

h- = qtr, (*•<>)

w h e r e h 2 i s t h e v a l u e c a l c u l a t e d a c c o r d i n g t o f o r -

m u l a ( 5 ) , a n d

q = e~&, ( 1 4 )

A U i s t h e d i f f e r e n c e i n e n e r g y b e t w e e n s e q u e n c e s

o f i d e n t i c a l a n d d i f f e r i n g r o t a t i o n a l i s o m e r s . I t i s



66 M. V. V O L ' K E N S H T E I N

obvious that this type of correlation is significant,
if AU is not too small in comparison with kT.

Thus, modern configurational stat ist ics permits
the characterization of the dimensions and dipole
moments of polymeric chains, their chemical s t ruc -
tures being given. The theory is fully corroborated
by experiment. The same is t rue of the calcula-
tions of the optical anisotropy of macromole-
cules,3 3 '3 4 as expressed in the birefringence of
stretched polymers (the photoelastic effect) and
in the flow birefringence of polymer solutions
(the Maxwell effect). The essential fact is that
all of the character is t ics of macromolecules a re
determined by molecular constants of internal r o -
tation and by their correlat ions. The specific p rop -
er t ies of a macromolecule are basically connected
with its flexibility.

It must be emphasized that the problems of con-
figurational stat ist ics have thus far been solved
only by the approximation of the rotational-isomer
theory. In all of the statistical calculations for
macromolecules, the kinetic energy of internal
rotation has been neglected [cf. formula (6)]. At
the same t ime, a thorough study of the statistical
problem requires consideration of this factor. It
is very difficult to take into consideration even
for small molecules (see , for example, reference
35). The essential point is that, in taking the k i -
netic energy into account, one must solve the p rob-
lem not classically, but quantum-mechanically.
That i s , one must quantize the internal rotation in
the chain, and study its interaction with the v ibra-
tions. Indeed, no one has studied these problems
thus far. Nevertheless, these problems are closely
connected with the kinetic behavior of macromole-
cules, with their relaxation spectra and the prop-
er t ies determined by these spectra .

All of the above discussion refers in essence to
model skeleton chains. Only the interactions of
neighboring portions of the flexible macromolecu-
lar filament were considered. In order to com-
pare the theory with experiment, it is necessary
to take into account the so-called volume effects
— the condition that no pair of links in the polymer
chain may simultaneously occupy one and the same
volume element. In other words, one must take
into account the repulsion forces which act b e -
tween different segments of the chain which have
approached one another within very small d i s -
tances, and the attraction forces which act between
them at larger distances. The model theory neg-
lecting volume effects is analogous to the theory
of ideal gases .

The propert ies of rea l macromolecules in solu-
tion must be studied on the basis of a theory equiv-

alent to the theory of real gases . In theoretical
polymer physics, however, approximate methods
have been found for taking into account the volume
effects. It must be emphasized that the influence
of these effects on the dimensions of chains differs
in principle from the influences of fixed valence
angles, hindrance of internal rotation, etc. These
cited factors influence only the size of the s ta t i s -
tical element, and do not change the general form
of the distribution function for the dimensions.
This function remains Gaussian, both for the
freely-jointed chain and for the chain with fixed
valence angles and hindered rotation. On the con-
t ra ry , the distribution function for the chain with
volume effects is not Gaussian. Thus, the p rob-
lem of taking volume effects into account is in
principle a statistical problem.

In the same degree of approximation in which
higher-order interactions between segments of
the polymer chain are considered, it is necessary
also to take into account the interactions between
segments of the chain and molecules of the solvent.
In good solvents, the polymer-solvent contacts a re
more favorable than the polymer-polymer contacts
or the solvent-solvent contacts. Since the m a c r o -
molecule immobilizes a maximum quantity of sol-
vent, its dimensions a re increased. The converse
situation occurs in poor solvents — the macromole-
cule, so to speak, repels the solvent from itself,
i .e. , it contracts .

.Under certain definite conditions, the contrac-
tion of a macromolecule in a poor solvent is com-
pletely compensated for by the expansion caused
by intramolecular volume effects. For a given
polymer-solvent pair , this takes place at a char -
acter is t ic temperature, which is called the 0 -
point or the Flory temperature , and is analogous
to the Joule point in real gases . At this point an
inversion takes place in the effective excluded
volume of the macromolecule. The dimensions
of the molecule at the 6 -point a re determined
exclusively by the flexibility. The comparison
of the statistical formulas neglecting volume ef-
fects with experimental data is possible only at
the 9 -point, under the conditions of an ideal so l -
vent.

The approximate thermodynamic theory of vol-
ume effects was propounded by Flory,36 and was
developed in subsequent papers of his school.37 '38 '39

The relative increase a in the linear dimensions
of a macromolecule due to volume effects s a t i s -
fies the approximate equation

(15)
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where

(16)

N is the number of segments in the chain, b is
the length, and v is the effective excluded volume
of a segment. Z expresses the number of contacts
per unit volume occupied by the macromolecule.
A more rigorous derivation of an equation of the
type of (15) has been given in reference 40 (see
also reference 8). The distribution function for
the length of the chain, taking volume effects into
account, has been calculated by Peterlin.4 1 These
theoretical calculations have been very important
in the interpretation of the experimental resul ts
of the study of the dimensions and forms of mac -
romolecules by light scattering, and also in the
interpretation of viscosimetr ic and diffusion
measurements (see, for example references 42,
43, and 44). These methods, as well as flow b i -
refringence, have been used especially effectively
in studies of polymer solutions by V. N. Tsvetkov
and his associates.4 5 '4 6 '4 7 A sufficiently complete
theory of volume effects has not yet been devised.
The existing calculations a re sufficiently rigorous
only within a narrow temperature range in the
neighborhood of the 0 -point; in other cases up
to now, the study has had to be limited to rough
est imates .

We shall not deal here with the very in teres t -
ing and important studies in the field of configu-
rational stat ist ics of polyelectrolytes, which have
been car r ied out, for the most par t , by A. Katchal-
sky and his associates.4 8 '4 9 '5 0 We shall limit our-
selves to mentioning the non-Gaussian character
of the distribution function for a charged polymer
chain, which may unfold because of the e lec t ro-
static repulsion of the links.

3. PHYSICS OF THE ELASTICITY OF RUBBER

The modern theory of the high elasticity of
rubber-l ike polymers is based on the configura-
tional stat ist ics of macromolecules. Vulcanized
rubber is capable of undergoing reversible defor-
mations of several hundred percent, with a very
small value of the elastic modulus, approximating
that of an ideal gas. The stretching of rubber and
the return to the initial state a re accompanied by
specific thermal effects which have no analogy in
any other solid body. Rubber is heated on adia-
batic stretching. A piece of rubber stretched by
a constant force contracts upon heating, and hence,
the s t r e s s in it increases . The internal energy of
rubber depends very little on the degree of exten-
sion. In this sense, rubber i s s imi lar to an ideal

gas (see reference 51).
The fundamental thermodynamic relations for

the stretching of rubber are the following: the
work in the isothermal deformation dL produced
by the force f is

IA =-- = dF = dE-T dS. (17)

We have neglected the te rm p dV, since rubber
is practically incompressible. From (17) it fol-
lows that

— >
dL JT

dE T I >

and, since

L JT \dT JL

we finally have

dE
~dL r, L

(18)

(19)

(20)

As has been shown by experiment, the following
relation is valid for an entire se r ies of different
rubbers:

dS_\
dL JT

which implies that

—
9L

(21)

(22)

Consequently, the elasticity of rubber, like that of
an ideal gas, has an entropy character , ra ther than
an energetic character . The mentioned thermo-
mechanical propert ies of rubbers a r i se directly
from the relations which have been given here.5 1

Thus, the restoring force in rubber is caused
by the decrease in entropy upon stretching, that
i s , by the transition of the system from a more
probable state to a less probable state. The anal-
ogy between propert ies of rubber and those of an
ideal gas makes one consider that rubber must
consist of a large number of elements which
change their relative positions on stretching. The
physical content of the stated analogy consists only
in this . It is obvious that these statist ical elements
a re the independent segments of flexible m a c r o -
molecules. It is also obvious that the decrease
in entropy of rubber on stretching implies a t r an -
sition from a more probable configuration of the
molecules, wound into coils, to a less probable
extended configuration. It is just on this basis
that the molecular statistical theory of rubber
elasticity has been developed in the papers of
Guth and Mark52 and Kuhn.55 This theory has
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permitted us to obtain an approximately correc t
description of the s t r e s s - s t r a in relation, and
gives an elastic modulus of the correct order of
magnitude. This theory has been presented in a
se r ies of monographs.51 '4 '54 We shall give below
a brief presentation of the most highly perfected
variant of the so-called network theory of high
elasticity, which is due to James and Guth.55'56

The free energy of the system is expressed
in t e rms of the parti t ion function Q,

F= -kThiQ,

and consequently,

dF

v.T J V, T "

(23)

(24)

A sample of vulcanized rubber is considered to be
a network of polymer chains, joined at certain
sites by the vulcanization crossl inks. If these
links are sufficiently r a r e , the chains distributed
among them will be s imilar to free macromole-
cules, and their dimensions will be described by
a Gaussian distribution function. The network is
bounded by fixed points situated at the surface of
the sample. Upon stretching of the sample, the
mean values of the coordinates of any internal
point of the network change in proportion to the
corresponding dimensions of the sample. The
partition function of such a Gaussian isotropic
network has the form

(25)

where L x , Ly, and L z a re the dimensions of
the stretched sample, which had the form of a
unit cube in the unstretched state; Kj is a con-
stant; and K has the value

/r(o
K - V V TV (26)

Here, r£$ is the vector joining the mean positions
of the T -th and v -th points (internal or fixed) in
the unstretched sample, and Z—, is the number of
statist ical segments of length b in the chain p a s s -
ing between these points. Neglecting the very
small compressibility of rubber, for unidirec-
tional stretching we have

(27)

Hence,

and according to (24)

(28)

(29)

This is the basic relation of the network theory.
We see that the relation f (L) has a specific non-
linear character , which is confirmed by exper i -
ment for small degrees of extension (see r e fe r -
ence 51). Formula (29) gives an expression for
the relative s t ress for a unit cube. The modulus
of elasticity is

(30)= f i n =3KkT.
\ dL y/J= i

The linear dependence of the modulus on the tem-
perature is generally confirmed by experiment.
The quantity K has been estimated in the theory
of James and Guth.57 It is approximately half of
the total number of chains in the sample being
studied.

The network theory of rubber which we have
briefly described was devised without taking into
account the in t ra- and intermolecular interactions.
In this sense it is s imilar to the theory of ideal
gases . The immater ial chains of which the net-
work is made are assumed to consist of freely-
jointed links. The chains a re subject to Gaussian
stat ist ics just as the free macromolecules in ideal
solvents a re . The connections between the chains
a re considered only through the condition of c r o s s -
linking. Such a view, naturally, leads to a pure
entropy mechanism for the stretching of the poly-
mer at constant volume.

The "gaseous" network theory is inadequate in
two respec ts . F i rs t , it does not take into account
the interactions of closely neighboring atoms in
the polymer chain. This interaction, as has been
stated, leads to the hindrance of internal rotation
and to rotational i somer ism. The intramolecular
interactions of closely neighboring atoms must be
manifest in energy changes of the polymer chain
upon stretching; hence, the mechanism of s t re tch-
ing of polymers cannot be based solely on entropy.
Taking these effects into account does not require
a rejection of the network theory, and may be c a r -
ried out within the framework of this theory. Here,
the ordinary expression for the configurational
partition function of the stretched polymer, as
obtained from the network theory, takes on the
meaning of an expression for the complete p a r -
tition function.

Second, the network theory does not take into
account the intermolecular interactions and the
volume effects. These interactions must lead to
a deviation from Gaussian statist ics even in the
region of small degrees of extension, and hence,
to a change in the character of the s t r e s s - s t r a in
relation. Taking these interactions into account
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FIG. 6. Stress-strain relation in
natural rubber vulcanized with 8%
sulfur: a — theoretical curve; b — ex-
perimental curve.

8 7 8k

implies an essential change in the theory of rub-
ber elasticity — a transition from the "gas"
theory to a theory of a condensed phase.

The given considerations would be of no special
interest if the network theory agreed with exper i -
ment. However, substantial deviations from ex-
periment a re observed even in that range of ex-
tensions in which one would not expect deviations
from Gaussian stat ist ics associated with the finite
dimensions of the chains. The theoretical curve
f ( L ) , for extensions of 100 — 200%, is markedly
above the experimental curve. This is shown in
Fig. 6. The theory does not in general pretend
to explain the still larger deviations in the range
of large deformations, which are characterized
by crystallization.

Thus, in the range of moderate extensions, a
smal ler force is required to produce a given
strain than that predicted by the theory. This
deviation decreases , and may even vanish com-
pletely, upon swelling of the polymer in a solvent
of low molecular weight.58 '65 The value of the
elastic modulus derived from the network theory
appears to depend only on the number of c r o s s -
links in the sample, that is , on the degree of
vulcanization. Regardless of the lack of the
necessary experimental data, one may suppose
that the modulus need not be completely independ-
ent of the chemical s t ructure of the macromole-
cules. Finally, the network theory cannot explain
certain subtle effects associated with the thermal
expansion of the sample (see reference 66).

The influence of intramolecular interactions
on the stretching of rubber may be considered on
the basis of the rotat ional- isomer theory. Consid-
ering the polymer chain to be a mixture of ro ta -
tional i somers , we may ar r ive at the following
conclusions about the mechanism of extension of
the chain.24 Two processes take place on exten-
sion. Fi rs t , a redistribution of the rotational
isomers along the chain takes place, such that the

length increases , but without change in the r e l a -
tive content of one or another of the rotational
i somers . This process occurs without change
in the internal energy of the chain, and the c o r r e -
sponding mechanism of stretching is a pure -en-
tropy mechanism. Second, on extension of the
chain, a transition occurs from the rotational
i somers with more highly coiled configurations
to the isomers with more extended configurations.
Here the energy of rotational isomerization AE
must be liberated or absorbed. If AE differs
from zero, the mechanism of stretching of the
polymer is not of pure entropy character , but
is also energetic.

The quantitative theory of stretching of the
rotat ional-isomeric chain is a theory of a coop-
erat ive process , since the behavior of each link
of the chain in the external force field is influ-
enced by the status of all the other links in the
chain.67 In order to solve the problem of the
length of the stretched chain as a function of
the acting force, one may use a specific mathe-
matical technique, which is a modification of the
method of the Markov chain.68 The theory is e s -
pecially graphic for a one-dimensional model of
the rotat ional- isomeric chain. In this model,
each link is represented by a vector of standard
length Z, directed to the right or to the left. Ro-
tational i somerism is represented in the model
by varying probabilities of having the same or
opposite directions of two adjacent vectors . In
the absence of external forces, the probability
of vectors to the right or to the left is the same,
and the mean length of the chain is zero. If a
force f is applied, directed from left to right,
the probability of orientation of a vector I in
the direction of the force will be increased by
the factor exp (f Z/kT), while the probability
of orientation of the vector in the opposite d i r ec -
tion will be decreased in the same rat io. The
mean length of a chain consisting of N links is
equal to67

h = Nl • sinh a
r ' (31)

w h e r e a = fl/kT, w = e x p ( - A F / k T ) , a n d A F

i s t h e d i f f e r e n c e i n f r e e e n e r g y b e t w e e n t h e r o t a -

t i o n a l i s o m e r s . F r o m (31) i t f o l l o w s t h a t , w h e n

a = f = 0 , h = 0 ; a n d w h e n f — » , h — N Z . T h a t

i s , t h e c h a i n b e c o m e s c o m p l e t e l y e x t e n d e d . W h e n

A F —• — ( c o m p l e t e r i g i d i t y of t h e c h a i n ) , h = NZ,

i n d e p e n d e n t l y of f. If b o t h r o t a t i o n a l i s o m e r s a r e

e q u a l l y p r o b a b l e , c o r r e s p o n d i n g t o t h e c a s e of f r e e

r o t a t i o n , A F = 0, w = 1 , a n d

h = N\ t a n h a (32)
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a formula analogous to the expression for the pa -
ramagnetic moment per unit volume of a substance
consisting of atoms in a 2S state (e.g. , atoms of
the alkali metals) :6 9

o r , s u b s t i t u t i n g i n ( 3 9 ) ,

M = N? tanh ^ . (33)

T h e a g r e e m e n t o f f o r m u l a s ( 3 2 ) a n d ( 3 3 ) i s d e t e r -

m i n e d b y t h e f a c t t h a t , i n t h e l a t t e r c a s e , t h e e s -

s e n t i a l f e a t u r e i s t h a t t h e s p i n o f J , c a n h a v e o n l y

t w o o r i e n t a t i o n s i n t h e e x t e r n a l f i e l d . T h e t h e o r y

o f t h e s t r e t c h i n g o f t h e o n e - d i m e n s i o n a l c h a i n i s

e q u i v a l e n t t o t h e t h e o r y o f f e r r o m a g n e t i s m o f

I s i n g , i n i t s a p p l i c a t i o n t o a o n e - d i m e n s i o n a l

m o d e l 7 0 ( s e e a l s o r e f e r e n c e 7 1 ) . T h e s t r e t c h i n g

o f t h e c h a i n i s a t y p i c a l c o o p e r a t i v e p r o c e s s . F u r -

t h e r s t u d y o f t h e p o l y m e r c h a i n i n t h r e e - d i m e n -

s i o n a l s p a c e c o n f i r m s t h e c o n c l u s i o n s d r a w n f r o m

t h e s t u d y o f t h e o n e - d i m e n s i o n a l m o d e l . 7 2 F o r

s m a l l f o r c e s , fZ « k T , a « 1 , a n d h e n c e , f r o m

( 3 1 ) i t f o l l o w s t h a t

h ^ N l — . ( 3 4 )

A t t h e s a m e t i m e , t h e m e a n s q u a r e l e n g t h o f t h e

o n e - d i m e n s i o n a l c h a i n i n t h e a b s e n c e o f f o r c e s i s

(35)

where

T] = C O S i p = •
c o s 0° + c o s u -w 1 — w

a n d h e n c e

2 j _

w

S u b s t i t u t i n g ( 3 4 ) i n t o ( 3 6 ) , w e f i n d t h a t

( 3 6 )

( 3 7 )

F o r N » 1 , t h i s f o r m u l a m a y b e r e w r i t t e n i n t h e

f o r m

hi
( 3 8 )

H e r e f i s t h e a v e r a g e f o r c e p u l l i n g t h e e n d s o f

t h e c h a i n t o g e t h e r , w h e n t h e y a r e s e p a r a t e d b y a

d i s t a n c e h . F o r a c h a i n i n t h r e e d i m e n s i o n s , a n

a n a l o g o u s f o r m u l a i s v a l i d :

f = ^ - h . ( 3 9 )

F o r m u l a ( 1 8 ) m a y b e w r i t t e n f o r a n i s o l a t e d c h a i n

i n t h e f o r m

f = I dh JT = {jh JT ~ T ^Th )T = / e n e r g + / e n t r , ( 4 0 )

f r o m w h i c h w e f i n d t h e e x p r e s s i o n f o r t h e e n e r g y

c o m p o n e n t o f t h e f o r c e

( 4 1 )

/ e n e r g — /-<
j

dT
( 4 2 )

F o r m u l a ( 4 2 ) , w h i c h w a s d e r i v e d i n r e f e r e n c e 7 3 ,

d o e s n o t d e p e n d o n t h e m o d e l u s e d , b u t i s c o m -

p l e t e l y r i g o r o u s . I t c o n n e c t s t h e e n e r g y c o m p o -

n e n t o f t h e e l a s t i c f o r c e p r o d u c e d b y t h e r o t a -

t i o n a l i s o m e r i z a t i o n o n s t r e t c h i n g w i t h t h e t e m -

p e r a t u r e d e p e n d e n c e r e l a t i o n o f t h e m e a n s q u a r e

l e n g t h o f t h e m a c r o m o l e c u l e . T h i s i s n a t u r a l ,

s i n c e t h e c h a n g e i n t h e " u n d i s t u r b e d " d i m e n s i o n s

o f t h e c h a i n u p o n t e m p e r a t u r e c h a n g e i s a l s o d e -

t e r m i n e d b y t h e p h e n o m e n o n o f r o t a t i o n a l i s o m e r -

i z a t i o n . I f , a s o f t e n h a p p e n s , a m o r e e x t e n d e d

c o n f i g u r a t i o n o f t h e c h a i n c o r r e s p o n d s t o l o w e r

e n e r g y , t h e n 3 I n h j j / 9 T , a n d h e n c e a l s o f e n e r g .

a r e n e g a t i v e , a n d t h e e n e r g y c o m p o n e n t o f t h e

f o r c e f a c i l i t a t e s s t r e t c h i n g . I n r e f e r e n c e 7 3 , i t

w a s s h o w n t h a t , i f t h e e n e r g y d i f f e r e n c e b e t w e e n

t h e r o t a t i o n a l i s o m e r s i s o f t h e o r d e r o f k T , t h e n

^ e n e r g ^ s ° f t n e s & m e o r d e r o f m a g n i t u d e a s f .

T h e e x i s t e n c e o f t h e e n e r g y c o m p o n e n t o f t h e f o r c e

d o e s n o t , h o w e v e r , c h a n g e t h e e x p r e s s i o n f o r t h e

t o t a l e l a s t i c f o r c e o f t h e f o r m ( 3 8 ) i n t h e G a u s s i a n

r e g i o n o f s t r e t c h i n g , s i n c e t h e e n t r o p y a n d e n e r g y

f o r c e s a s s o c i a t e d w i t h r o t a t i o n a l i s o m e r i z a t i o n

c o m p e n s a t e f o r e a c h o t h e r . 7 3 T h e e n e r g y c o m p o -

n e n t o f t h e f o r c e i n t h e b u l k p o l y m e r i s e x p r e s s e d

i n a s i m i l a r w a y . F r o m f o r m u l a s ( 1 8 ) a n d ( 2 9 ) , i t

f o l l o w s t h a t

/ e n e r g ( 4 3 )

T h e n e t w o r k t h e o r y f o r c h a i n s h a v i n g h i n d e r e d i n -

t e r n a l r o t a t i o n g i v e s 7 4

V- _ c o n s t

F o r m u l a s ( 4 3 ) a n d ( 4 4 ) l e a d a g a i n t o ( 4 1 ) , w h i c h

i s n o w a p p l i c a b l e t o t h e b u l k p o l y m e r . 6 6 T h u s , t h e

t h e o r y d o e s n o t l e a d t o a p u r e e n t r o p y c h a r a c t e r

f o r t h e e l a s t i c i t y o f r u b b e r . T h e e x p e r i m e n t a l

v e r i f i c a t i o n o f t h e t h e o r y i s b a s e d o n ( 1 8 ) :

/ e n e r g
dT ( 4 5 )

H o w e v e r , t h e m e a s u r e m e n t o f t h e q u a n t i t y

( 8 f / 3 T ) V j L i s d i f f i c u l t . I t i s m o r e c o n v e n i e n t

t o u s e t h e a p p r o x i m a t e e q u a t i o n

P.K • ( 4 6 )

H e r e , p i s t h e p r e s s u r e , X = L / L o , w h e r e L o

i s t h e l e n g t h o f t h e u n s t r e t c h e d s a m p l e ( i n d e r i v -

i n g f o r m u l a ( 2 9 ) w e a s s u m e d L o = 1 ) . T h e t h e r -

m o d y n a m i c e q u a t i o n
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i (47)

ar i ses from the real propert ies of rubber,5 8 '4 but
does not follow from the network theory, which
contradicts experiment in this respect.8 8 In the
simplest case of three rotational i somers , c o r r e -
sponding to angles of 0°, ±120°, in which the en-
ergy of the twisted (gauche) isomers is greater
by AE that that of the t r ans - i somer (polyethy-
lene ), we have73

772 1\T 72 1 + C0S a 2+W
1 — cos a 'iw

and, according to (42)

/energ=

1 + xa/2 kT

(48)

(49)

78

Rotational isomerization during the stretching of
polymers may be directly demonstrated by the de -
pendence of the infra-red spectra of the polymers
on the degree of extension.75 The theory of this
phenomenon is given in reference 76. The result
obtained in the study of gutta-percha is especially
clear . This polymer exists in two crystalline
modifications, corresponding to more or less
coiled rotational i somers . The first modification
is stable, the second metastable. However, when
gutta-percha in the stable modification is stretched,
bands appear in the infra-red absorption spectrum
corresponding to the more extended isomer.7 7

In a recent paper by Flory, Hoeve, and Ciferri ,
the rotat ional- isomeric theory of stretching was
confirmed by direct measurement of the energy
component of the force. Cross-linked polydime-
thylsiloxane and polyethylene were studied. In
the first case, fenerg - °> a n ^ in the second,
fenerg s — f/2. The equality of fenerg to zero
for polydimethylsiloxane is in agreement with the
generally accepted conception of the low degree of
hindrance of internal rotation about the Si—O bond.
Interpreting the experimental data for polyethylene
with the aid of Eq. (49), and assuming that AF s
AE, Flory and his co-authors have obtained the
value AE = 540 cal /mole . This is in agreement
with the spectroscopic data for the difference in
energy between rotational i somers in paraffins
of low molecular weight79 and in polyethylene.25

Further development of the theory of the in t ra-
molecular interactions in polymers and their in-
fluence on the elastic propert ies requires that the
calculations be made concrete by application to
part icular polymers .

We shall re turn now to inter molecular in ter -
actions. Gee58 has already stated that the d i s -
crepancies between the network theory and ex-
periment are connected with the existence of
definite correlations of the chains with respect

to one another. Such a correlation implies a
certain degree of local order of the chains. This
must naturally have an influence on the entropy
of the network and its changes upon deformation.
It is as if the chains helped one another to extend.

In a recent paper, V. A. Kargin, A. I. Kitalgo-
rodskit, and G. L. Slonimskil80 have shown with
great definitiveness a significant degree of order
in amorphous polymers, in comparison with sub-
stances of low molecular weight. This degree of
order resul ts from the chain s t ructure of mac ro -
molecules. Even in the absence of significant
intermolecular forces in non-polar polymers, the
chains try to lie paral lel . Apparently, in an amor -
phous polymer the pattern is not that of separate
chains with configurations which are independent
from one another, but that of bundles of chains
having a single configuration. It is just this con-
dition which is emphasized in reference 80. Re-
cently V. A. Kargin and his associates have d i -
rectly shown the presence of these bundles in
amorphous polymers by means of electron m i -
croscopy. They showed also that the bundles
are capable of curvature as a whole.81 Thus, we
may suppose that in an amorphous bulk polymer
that the chains are curved together with other
chains belonging to the same bundle. In fact, it
is the bundle, rather than the individual chain,
which is the element of the statistical ensemble.
Consequently, one may not consider that the con-
figurations of chains in the amorphous network
a re completely analogous to the configurations
of isolated macromolecules in solution — the
chains in the network are not subject to Gaussian
stat is t ics . Rotational isomerization on stretching
must take place concordantly in neighboring chains.
The bundle s tructure of the amorphous polymer
implies that the intramolecular volume effects
have a relatively weak influence on the stretching
of the sample. Thus, the further development of
the theory of elasticity of bulk polymers is con-
nected with the taking into account of cooperative
phenomena — the "mutual aid" of chains in s t re tch-
ing. Evidence in favor of the concepts presented
here is given by the data of s t ructure analysis and
organic crystal chemistry,8 0 '8 1 '8 2 '8 3 by the sign of
the discrepancy between the curves for f (L) ob-
tained experimentally and from the "gaseous" net-
work theory, and also by the previously indicated
circumstance of the improved agreement of the
network theory with experiment for swollen poly-
m e r s . Naturally, swelling must decrease the role
of intermolecular cooperation.

The theory of cooperative phenomena encoun-
te r s great difficulties even in the case of systems
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composed of small molecules. Nevertheless, we
may suppose that the fundamental theoretical
problem of the statistical thermodynamics of
rubber will be solved in the near future.

All that has been said above refers to the t he r -
modynamic equilibrium behavior of rubber. Its
kinetic propert ies , which determine the relation
of s t r e s s and strain to t ime, have no less , if no
more, important meaning (see references 10, 11,
12, 13, 14, 51, and 54). It is not possible for us
to discuss all these questions here , but certain
problems associated with the relaxation p roper -
ties of polymers will be discussed in the follow-
ing section.

4. THE VITRIFICATION OF LOW-MOLECULAR-
WEIGHT LIQUIDS AND POLYMERS

Rubber-like propert ies of polymers a re con-
nected not so much with the chemical s t ructure of
the individual substance, as with the overall chain
structure of the macromolecules. In principle,
any polymer may become rubber-l ike in a defi-
nite temperature range — the appearance of high
elasticity ordinarily hinders the crystallization
of the polymer. All non-crystalline polymers are
bri t t le , glassy substances below a certain t emper -
ature; at temperatures above the glass-transi t ion
temperature Tg, they are transformed into a v i s -
coelastic state. In order for high elasticity to
exist, cross- l inks must be created between the
chains to hinder flow — the vulcanization of rub -
ber consists in just this p rocess . Finally, at still
higher temperatures , the polymer becomes a v i s -
cous fluid.

As has been shown by experiment, the general
character is t ics of the vitrification of polymers
have no differences in principle from the charac -
ter i s t ics of the vitrification of liquids of low m o -
lecular weight. Let us examine the nature of the
glassy state. Apparently, this state does not even
correspond to a relative minimum of the thermo-
dynamic potential. The transition from the liquid
to the glassy state, and vice versa , is not a thermo-
dynamic transition, as may be shown directly from
the dependence of the transition temperature T 2

on the ra te of cooling or heating. The slower the
cooling is carr ied out, the lower the g l a s s - t r ans i -
tion temperature Tg. The behavior of substances
on crystallization and vitrification may be i l lus-
t ra ted by a graph showing the dependence of the
specific volume on the temperature (Fig. 7). On
crystallization at the freezing point Tf, an abrupt
change in the volume takes place. On the contrary,
at the glass-transi t ion point Tg, there is no d i s -
continuity in the curve V ( T ) , only a break in the

Volume

FIG. 7. Crystalli-
zation and vitrifica-
tion.

Jl J. Temperature

curve being observed. The function V ( T ) f o r a
supercooled liquid is shown by the broken line.
We see that the glassy state does not coincide
with the state of the supercooled liquid.

In vitrification, the values of the volume, heat
content, and entropy vary continuously. On the
other hand, the values of the volume coefficient
of thermal expansion a, the coefficient of com-
pressibil i ty K, and the heat capacity Cp show
discontinuities. In the softening of polyvinyl a c e -
tate, a maximum is observed in the curve Cp (T)
similar to that occurring at a A. -point.84 These
facts have compelled us to consider vitrification
to be a second-order phase transition. However,
as has been stated, this transition is not a t he r -
modynamic equilibrium transition. According to
current conceptions, in the development of which
the papers of P . P . Kobeko (see reference 12)
have played an important role, vitrification is
associated with the slowing down of molecular r e -
arrangement. The movement of the molecules
slows down as the temperature is lowered. The
time T for transition of the molecule from one
equilibrium position to another, and thereby also
the viscosity of the liquid, depends strongly on
the temperature .

According to Ya. I. Frenkel '8 5

(50)

where U is the activation energy necessary for
surmounting some potential ba r r i e r separating
one equilibrium position from another. With a
given rate of cooling, a moment a r r ives when the
rearrangement of the molecules can no longer
keep up with the decrease in temperature , due
to the sharp increase in T. The structure of the
substance becomes a non-equilibrium structure .
At a temperature below Tg, the s tructure of the
glass is approximately that of the liquid in the
vicinity of Tg. Kinetic conceptions of the nature
of the glassy state have been developed in the
papers of P . P . Kobeko,12 Tool,86 Kautzmann,87

and Davies and Jones.8 8 '8 9 Using the method of
the thermodynamics of i r revers ib le processes ,
Davies and Jones showed that a relaxation mech-
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anism of the described nature must lead to a r e l a -
tion between the discontinuities in a, K, and Cp
similar to the relation corresponding to a second-
order phase transition:

= TV (51)

A model kinetic theory of vitrification has been
propounded in the paper of M. V. Vol'kenshteln and
O. B. Ptitsyn.90 Kinetic units (e.g., molecules in
a liquid of low molecular weight, or links in a
polymer chain) a re considered, which may occur
in two states with differing energies, separated by
an energy ba r r i e r . The solution of the c o r r e -
sponding kinetic equation, taking into account the
time rate of temperature change, leads to the con-
dition for vitrification:

dT Jr=Tn
(52)

where q is the ra te of cooling of the system. This
solution was obtained with the single assumption
that the kinetic propert ies of the system which are
characterized by T depend more strongly on T
than the equilibrium propert ies do. The theory
shows that, on cooling to the temperature T = Tg
satisfying the condition (52), the equilibrium con-
centrations of the kinetic units in the two states
being considered become "frozen." Thus, the
changes in the specific volume and the heat con-
tent associated with the described mechanism are
interrupted. According to (52), the value of Tg
itself depends on the ra te of cooling. The theory
gives a qualitative explanation for all the phenom-
ena observed in the transition to the glassy state,
and in part icular , explains the dependence of the
position and height of the maximim in the Cp (T)
curve on the ra te of heating. The theory also ex-
plains the trend in the concentration of hydrogen
bonds on vitrification,91 which was studied in ref-
erences 92 and 93, as well as the dependence of
Tg on the p re s su re , which was studied by N. I.
Shishkin.94 The theory predicts hysteresis effects
on cooling and subsequent warming, as has been
confirmed by a se r ies of experiments. In par t icu-
lar , hysteres is has been found in the temperature
dependence of optical proper t ies , such as the op-
tical activity95 and the luminescence intensity of
plast ics into which luminescent substances have
been introduced.96 The theoretical concepts p r e -
sented here have formed a basis for a theory of
molecular light scattering in glasses.9 7

However, the simple model theory taking into
account only one relaxation process with a single
relaxation t ime T is inadequate. Naturally, it
gives only a qualitative, and not a quantitative,

agreement with experiment, since a real sub-
stance is characterized not by a single relaxation
t ime, but by a complex relaxation spectrum. This
is especially t rue of polymers.

Not all substances of low molecular weight
can be vitrified. Compounds which form inter mo-
lecular hydrogen bonds, such as alcohols and c a r -
bohydrates, a re easily vitrified. Also, the hydro-
carbons of low molecular weight vitrify, their
intermolecular interactions having the nature of
dispersion forces and being relatively weak.
Vitrification is thus governed not so much by the
strength of the intermolecular interactions, as by
the mobility of the molecules.

In distinction from substances of low molecular
weight, practically all polymers may be obtained
in the glassy state. This may be explained appar-
ently by the large values of and by the sharper de -
pendence of T on the temperature . A molecular
theory of the relaxation propert ies of polymers
has not yet been devised, and its creation encoun-
t e r s significant difficulties. The model and phe-
nomenological theories a re inadequate for the
interpretation of the experimental data obtained
in the study of polymers by the methods of m e -
chanical and electrical losses , by means of the
absorption and dispersion of ultrasound, and by the
method of nuclear magnetic resonance. Bueche98

has undertaken an attempt to study the influence
of the mobility of macromolecular chains on the
process of vitrification of polymers; however,
these studies do not yet permit us to connect the
character is t ics of vitrification with the chemical
s t ructure of the macromolecules. Nevertheless,
the necessity of devising a molecular theory of
the vitrification a r i ses directly from the needs
of technology. At present , considerable effort is
being applied to the obtaining of heat-resis tant
plast ics characterized by high values of Tg. There
is now also a problem of cold-resistant rubbers ,
of the preservation of high elasticity at low tem-
pera tu res . The lowering of Tg may be attained,
on the one hand, by a suitable choice of the poly-
mer , and on the other hand, by using plas t ic izers .
Plasticization consists in the introduction into the
polymer of substances of low-molecular weight.
The lowering of Tg which takes place in this way
was explained in a paper by S. N. Zhurkov,99 on
the basis of the conception of blocking of the polar
groups of the polymer by the small molecules.
V. A. Kargin presented another point of view, ac -
cording to which the basic role of the plasticizer
consists in the separation of the polymer chains.100

One may suppose that the essential role is played
in polar polymers by Zhurkov's mechanism and
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in non-polar polymers by Kargin's mechanism.
Some theoretical papers of Gibbs and DiMar-

zioioi,i02,i03 w e r e published recently, in which con-
cepts were developed on the nature of vitrification,
essentially different from those given above. In
these papers , a statist ical calculation is car r ied
out with the aid of a lattice model. The chains,
which a r e distributed in the lattice, a re cha rac -
terized by a certain rigidity. Following Flory,
who used the same method in the theory of the
crystallization of polymers,1 0 4 Gibbs and DiMar-
zio express the rigidity of the chains in t e rms of
rotational i somer ism. The orientations of the
links a re defined with respect to those of the two
preceding links; one of the orientations is assigned
an energy different from that assigned to the other
orientations, the other discrete orientations all
being equal in energy. An interaction exists be -
tween the chains, having an energy proportional
to the number of vacant lattice s i tes , i .e. , the
number of empty cel ls , since this energy is de -
termined by the number of van der Waals contacts
which are broken when the given number of vacan-
cies is introduced. The partition function is ca l -
culated for the chains as a function of the temper -
a ture . The rigidity of the chains increases on
lowering the temperature (the proportion of the
rotational i somers with higher energy dec reases ) ,
and the number of vacancies decreases , i .e. , the
energy of intermolecular interaction increases .
As the study of the partition function shows, at a
certain temperature T', the number of possible
disordered packings of the chains in the lattice
becomes less than unity. In other words, at T =
T', changes in the configurations of the chains
cease . The free energy, the internal energy, the
entropy, and the volume of the system vary con-
tinuously through the transition at T' , while the
temperature derivatives of these quantities — Cp
and a — vary dlscontinuously at T ' . Thus, s ta -
t ist ical thermodynamics leads to the existence of
a second-order phase transition at T ' . The the-
ory gives a value of T' depending on the rigidity
of the chains and the energy of intermolecular
interaction. Gibbs and DiMarzio advance the hy-
pothesis of the identity of T' with the "equilib-
r ium" glass-transi t ion temperature . In the opin-
ion of Gibbs and DiMarzio, relaxation phenomena
must be eliminated at a sufficiently low ra te of
cooling, although they do not deny the practical
role of such phenomena. In other words, the basis
of vitrification is a true second-order thermody-
namic transition; the vitreous state is in principle
an equilibrium state, and is a fourth state of ag-
gregation of mat ter . This state is characterized

by the most stable amorphous packing of long
chain molecules, and is particularly inherent in
polymers consisting of macromolecules whose
rigidity depends on the temperature .

The hypothesis of Gibbs and DiMarzio arouses
serious objections. Firs t , the attempts at quanti-
tative comparison of the theory with experimental
data on vitrification102 a r e not very convincing.
Second, experiment shows that the discontinuity
in Cp decreases as the ra te of heating of the glass
is decreased without approaching a finite limit
which would correspond to the second-order phase
transition. Third, (and this is the most fundamen-
tal objection), the experimental data give evidence
that the nature of vitrification of polymers and of
substances of low molecular weight is identical.
Substances consisting of small molecules with weak
intermolecular interactions vitrify, for example,
branched-chain paraffins. However, the presence
of long-chain molecules is essential to the theory
of Gibbs and DiMarzio. Finally, it is hardly pos -
sible to conceive of a fourth state of mat ter having
the symmetry of a liquid. Thus, there is at p r e s -
ent no basis for rejection of the conception of the
purely kinetic nature of vitrification. It is not
clear whether the effect calculated by Gibbs and
DiMarzio could be observed experimentally; it is
possible that it actually exists , but in a tempera-
ture range far from the glass transition range.
In any case, the papers of Gibbs and DiMarzio a re
of considerable theoretical interest . In an obvious
manner, the model used in the calculations takes
into account the cooperative character of the p roc -
ess of regrouping of the chains in the amorphous
polymer, as determined by the in t ra - and in ter -
molecular interactions. The further development
of both the kinetic theory of vitrification and the
thermodynamic theory of phase transition in poly-
mer s is closely connected with the study of coop-
erative p rocesses .

5. THE CRYSTALLINE STATE OF POLYMERS

X-ray data indicate the presence of th ree -d i -
mensional crystalline order in a se r ies of poly-
mer s ; evidence of this is given by the sharp lines
on powder pat terns. Reflections a re observed
from a ra ther large number of planes.105 '106 C r y s -
talline polymers have a very valuable technical
significance, since they include the synthetic and
natural fibrous mater ia ls , and the strength of
fibers is essentially connected with their crystal
s t ruc tures . Certain important plastics a re also
crystall ine, such as polyethylene, polytetrafluoro-
ethylene (Teflon), and many others . Detailed
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studies of the mechanical propert ies of crystalline
polymers, demonstrating, in part icular , the exis t -
ence of a recrystall ization process on stretching,
have been car r ied out by V. A. Kargin and T. I.
Sogolova.107

In most cases , polymers are not completely
crystallized. For example, evidence of this is
given by the occurrence on the x-ray diagrams
of diffuse haloes, character is t ic of amorphous
substances, along with the sharp lines. The em-
pirical quantity, the "degree of crystallinity," of
a polymer is determined from the ratio of inten-
sit ies of the sharp lines to the diffuse halo. The
essential fact is that the values of the degree of
crystallinity obtained in this way agree with the
values obtained dilatometrically by comparison
of the densities of the amorphous and the par t ly-
crystall ized polymer. Finally, the completely in-
dependent method of determining the degree of
crystallinity by infra-red spectra gives the same
resu l t s . This method is based on the difference
between the spectra of the crystalline and the
amorphous polymer;108 the meaning of this differ-
ence is found by the study of the crystals and
melts of low-molecular-weight substances of
analogous s t ructures , and amounts basically to
the influence of rotational i somerism on the
spectra . Both low-molecular-weight substances
consisting of sufficiently long chains (e.g., the
paraffins), and polymers crystall ize in the form
of one definite rotational isomer . In the melt or
in an amorphous substance, a mixture of ro ta -
tional i somers is involved. Hence, the spectra
of the crystalline and amorphous polymer a re
different.

Thus, the concept of the degree of crystallinity
appears to have a rea l physical meaning. The
width of the x-ray diffraction maxima in incom-
pletely-crystall ized polymers corresponds to the
small dimensions of the crystal l i tes — of the order
of several hundred Angstrom units. The same d i -
mensions of the crystalline formations a re found
from the resul ts of small-angle x-ray scattering
studies.109 '110 '111 The s t ructural details of the
crystal l i tes have been completely deciphered for
many polymers.106 '112 Along with the incompletely-
crystalline polymers, which have the character of
polycrystals containing an appreciable fraction of
amorphous mater ia l , in recent years some p r a c -
tically completely crystall ized polycrystalline
polymers have been obtained. These a re the s t e r -
eospecific polymers2 6 (see above). Finally, even
single crystals of polymers have been obtained —
polyethylene and a ser ies of proteins.113 '114 These
single crysta ls give good Laue diagrams. In many

polymers, spherulitic crystals are charac ter i s t ic -
ally formed, and are easily observed with the po-
larizing microscope. Through study of sections
of polymers in the electron microscope, V. A.
Kargin has discovered single-crystal formations
in them.

The basic physical problem concerning c r y s -
talline polymers is the following. What a re the
structural , thermodynamic, and kinetic charac-
te r i s t ics of a system consisting of long-chain
macromolecules which determine the limit of
crystallization and the specific thermal p roper -
t ies ? The solution of this problem will have a
general theoretical and a great practical signifi-
cance.

Under ordinary experimental conditions, in-
completely-crystalline polymers do not have def-
inite melting points, but ra ther broad melting
ranges . This range depends on the conditions,
and in part icular , on the crystallization temper-
ature,1 1 5 which occurs outside the temperature
range of melting. This indicates the non-equi-
librium state of the polymer under the given con-
ditions , as there is no temperature at which the
crystalline and amorphous polymer coexist in
equilibrium. The kinetics of crystallization is
substantially complicated by the circumstance
that the entities which must crystall ize are chain
molecules whose links cannot move independently.
The ra te of nucleation depends on the existing de -
gree of crystallinity; thus we a r e dealing with a
specific cooperative process . Both nucleation
and growth of the crystall i tes take place in a very
viscous medium, and a re slow processes . Super-
cooling of an amorphous polymer may be brought
about without any especial difficulty. The kinetic
theory of the crystallization of polymers which
has been recently developed116 '117 is still far from
taking these circumstances completely into a c -
count. Nevertheless, it is clear that the indicated
peculiari t ies of part ly-crystal l ine polymers a re
of kinetic origin, and might vanish if the exper i -
ment were designed so as to ensure attainment
of equilibrium. If heating were car r ied out suf-
ficiently slowly, melting points would be observed
which would be independent of the previous history
of the sample and would be quite reproducible. It
is essential here that the polymer being studied
should not be oriented, i.e., that the crystal l i tes
within it should be distributed at random; other-
wise anomalously high values of Tf may be
found117'118'119 It is obvious that the dependence
of Tf on the history of the sample is not of the r -
modynamic, but of kinetic nature. Curves of the
temperature dependence of the relative volume of
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the polymer, when obtained by sufficiently slow
heating, distinctly show a normal f i r s t -order the r -
modynamic transition, characterized by a definite
Tf.117 On slow heating, annealing of the non-equi-
librium, supercooled amorphous mater ia l takes
place, and may even be accompanied by an increase
in the degree of crystallinity. In fact, in the t r ea t -
ment of certain fibrous mater ia ls , heat is applied
to increase the degree of crystallinity and strength
of the mater ia l . The technical significance of the
questions under discussion is obvious. The in-
crease in crystallinity on heating and also on
swelling of the polymer has been established by
the following methods of s tructural investigation:
infra-red spectra120 and x-ray diffraction.121 Thus,
the amorphous regions in a crystalline polymer
are in a non-equilibrium state. Crystallization in
these regions is hindered by kinetic factors. In
this sense, polymers are s imilar to other poly-
crystalline substances which contain amorphous
mater ia l forming structural defects. However,
the defects in polycrystalline polymers a re espe-
cially significant. V. A. Kargin showed that c r y s -
talline polymers a re the least ordered of any
crystall ine mater ia ls (whereas amorphous poly-
m e r s a re the most ordered of all amorphous m a -
ter ia ls ).

The second reason for incomplete crysta l l iza-
tion is not kinetic, but s tructural in nature. Even
if we ignore the disturbances in the regularity of
rea l polymer chains (branching, adventitious sub-
stituents on the chain) and ignore the inhomoge-
neity in length of the chains (molecular weight).
the s t ructure of macromolecules in most cases
is such that the system is inhomogeneous and in-
capable of complete crystallization. Let us con-
sider, for example, the polystyrene chain (p. 69)
containing N links. Since the phenyl group C6H5

may be found in two positions, to the right or the
left of the basic chain, 2 ^ - 1 s tereoisomeric modi-
fications of the macromolecule a r e possible (con-
sidering its symmetry number to be 2 ) . For suf-
ficiently larges values of N, all of the macromol-
ecules in a given sample will be different. Yet,
this does not imply complete lack of crysta l l iza-
bility. Fi rs t , modern studies in the field of poly-
m e r synthesis have shown that far from all of the
2 N - 1 s tereoisomeric modifications of the m a c r o -
molecule can be realized in pract ice . I r regular
atactic polymers apparently consists of blocks of
isotactic and syndiotactic links, and therefore do
not have completely i r regular s t ruc tures . The
possibility of partially ordered packing of such
chains is obvious. Second, experiment has shown
that for sufficiently long chains (even with low

molecular weights), defect crystals may be formed
containing molecules with some deviation in s t r u c -
ture within the unit cell.123 Structural factors thus
do not eliminate, but only limit the crystallinity.
The existence of structural limitations is directly
confirmed by the fact of practically complete
crystallinity of stereospecific polymers. Atactic
polystyrene is amorphous; the isotactic polymer
may be completely crystall ine.

A crystalline polymer containing amorphous
mater ia l must be considered to be a single-phase
system, normally found in a non-equilibrium state.
It is a highly defective polycrystal, and naturally,
the defects (the amorphous regions) may not be
considered as a separate phase.

The chief s tructural peculiarity of the systems
being discussed is the small dimensions of the
crystals in comparison with the lengths of the
polymer chains. The point of view was formerly
generally accepted that one and the same chain
may pass through a ser ies of crystalline and
amorphous regions (see, for example, references
4 and 12). However, the structure of the single
crystals of Keller is evidence for another poss i -
bility. The linear dimensions of these crystals
a re also significantlj" less than the chain length;
yet, the chains a re completely packed within them
in the form of a sort of "accordion." It is possible
that in polycrystals as well, the chains may be
completely packed within the crystalline, or within
the amorphous regions. The theoretical study of
these questions is extremely important. Yet, it
is not at all clear why macromolecules should
find an advantage in bending repeatedly in forming
a crystal . It is indubitable only that the flexibility
of macromolecules plays here a determining role,
as it does in the other physical propert ies of
polymers .

Thus, the nature of the crystalline state of
polymers presents an important and interesting
physical problem. Its complexity is determined
by a combination of kinetic and thermodynamic
factors. As has been stated, a spherulitic s t r u c -
ture is characteris t ic of polymers in a number of
cases . The reasons for this situation, i.e., the
mechanism of initiation and growth of spherulites
have not been sufficiently clear up to now. It is
possible that essential roles a re played here by
the high viscosity of the medium and by local
anisotropy associated with the chain structure
of the macromolecules.

The configuration of polymer chains in c rys ta l -
line regions is apparently determined by two fac-
tors , intramolecular and intermolecular.123 The
first factor determines the most stable rotational
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isomer, whose stabilization in the crystal gener-
ates a planar zigzag or helical s tructure of the
chain. The second factor determines the densest
packing of the macromolecules in the crystal , a c -
cording to the concepts developed by A. I. Kitafgo-
rodski?.83 The actual configuration of the chains
in crys ta ls , which may be determined by x-ray
diffraction, a r i ses through concurrence of the
two cited factors. It is obvious that the theoret-
ical study of this configuration is quite essential
for understanding the s t ructures of crystalline
and amorphous polymers; hence, it is essential
for the further development of the configurational
stat ist ics of polymer chains. The study of the
structure and mobility of macromolecules in a
state of densest packing is very interesting also
from the biological aspect. The structure of bio-
logical polymers on the supermolecular level has
in any case a highly ordered, if not crystall ine,
character . An example is the s tructure of fibrous
proteins. The structure of the individual mole-
cules of biological substances — proteins, DNA
(deoxyribonucleic acid) — is determined by the
same factors as the s t ructure of ordinary poly-
m e r s . A helical s t ructure is character is t ic of
biopolymers — the a -helix of Pauling and Corey
for polypeptides, the double helix of Watson and
Crick for DNA — each being stabilized by hydro-
gen bonds. As has already been shown, such a
structure may be subject to cooperative d is rup-
tion at a definite temperature.1 5 A theory of the
helix-random coil phase transition in the isolated
macromolecular chain was recently propounded by
Zimm124 (see also reference 125). The existence
of high mobility of the macromolecules in a c r y s -
talline polymer at a sufficiently high temperature
has been shown directly by the method of nuclear
magnetic resonance. The feature concerned is
that of orientational melting, according to Ya. I.
FrenkeF.8 5 A. I. Kitalgorodskil designates the
corresponding state of a substance as "gasocrys-
tall ine."

The theory of the melting of crystalline poly-
m e r s has been developed in a ser ies of papers .
Even on slow heating, a melting range of several
degrees is often observed. This may naturally be
explained by the smallness and heterogeneity of
the dimensions of the crystal l i tes , and by their
considerable defect character . With the small
dimensions of the crystal l i tes , an essential role
in the melting process is played by the surface
free energy. Equilibrium melting of a par t ly-
crystalline polymer is a diffuse f i r s t -order phase
transition.126 Melting is complete at a completely
definite temperature .

Flory presented a statistical theory connecting
the melting range with the defect character of the
crystals.1 2 7 '1 1 7 Starting with the conception of
chains which pass through crystall ine and amor-
phous regions, Flory obtained the following ex-
pression:

(53)

where Tf is the melting point for a pure polymer
crystal of infinite length, h is the heat of fusion
per s tructural unit, n is the number of such units
in the chain, and \ is the fraction of the polymer
in the amorphous state. The lowering of Tf with
respect to the ideal crystalline polymer is the
greater , the shorter the chains. The theory shows
that the introduction of a solvent will increase the
difference Tf - T|. The introduction of differing
links into the chain (copolymerization) acts in a
similar way. The presence in an actual polymer
of chains of different lengths leads to a broaden-
ing of the melting range, which ends at the t em-
perature character is t ic of the longest chains.

The basic resul ts of Flory 's theory may be ob-
tained also from general thermodynamic consider-
ations.4 This theory gives a reasonable explana-
tion for the lowering of Tf caused by the presence
of a solvent, inhomogeneity of the polymer, or fi-
nite length of the chains. However, Flory 's theory
is not a complete statistical theory of solutions of
crystalline polymers. It does not answer the ques-
tion of the relation of the degree of crystallinity
and the dimensions of the crystall i tes to the con-
centration of the solvent. The quantities charac-
terizing the degree of crystallinity and the dimen-
sions of the crystall i tes enter into the expression
for the free energy as independent variables, and
only occur separately. Nevertheless, these quan-
tities are connected together. An ideal statistical
theory must lead automatically to definite values
of the indicated quantities for a given temperature
and concentration. Such a theory must necessari ly
be based on a concrete molecular mechanism of
the process , and must take into account its coop-
erative nature. Flory has also developed a s ta -
tistical-thermodynamic theory of the crysta l l iza-
tion of polymers on stretching.128

Several attempts have been undertaken to ex-
plain the molecular mechanism of melting of
polymers by connecting this process with the
flexibility of the macromolecules. As early as
1943, Bunn advanced a hypothesis that the peculi-
ar i t ies of the melting of crystalline polymers are
determined by the internal rotation in the chains.106

M. V. VoPkenshtetn and O. B. Ptitsyn129 have p r o -
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posed a rotational-icomeric theory of melting.
The mechanism of melting consists in the t r a n s i -
tion from a single rotational i somer existing in
the crystal to a mixture of i somers in the melt,
possessing increased entropy and energy. The
theory connects the Tf of the polymer with the
flexibility of the chains and the energy of inter-
molecular interaction. The more flexible the
chains a r e , and consequently, the greater i s the
relative content of twisted rotational i somers , the
lower is the value of Tf of the polymer, other con-
ditions remaining equal. A result of the theory is
the dependence of the heat of fusion on the flexibil-
ity of the chains, i.e., the difference in energy of
the rotational i s o m e r s .

In spite of the obvious correctness of the phys-
ical concept, reference 129 is pr imari ly of qualita-
tive significance. The theory is limited to the study
of an isolated chain, and does not take into account
the cooperative character of the p r o c e s s .

The same conceptions about rotational i somer -
ism were utilized in the paper of Flory 1 0 4 men-
tioned above; here he developed a quantitative
statist ical theory. Beginning with a lattice model,
Flory showed that when the chains a r e sufficiently
rigid, the crystall ine, ordered state of the polymer
is stable. Roughly speaking, if the chains a r e suf-
ficiently rigid, they may fill the lattice only by
lying paral le l to one another like matches in a
match box. Since the rigidity depends on the t e m -
perature, increase in the latter increases the p r o -
portion of metastable rotational i somers , and thus,
Tf is connected with the difference in energy be-
tween the rotational i s o m e r s . The theory of Flory
does not take intermolecular interactions into a c -
count. M. V. VoFkenshteln has shown that the
theory of Flory does not give quantitative agree-
ment with experiment; such agreement may be
obtained if the excitation of torsional oscillations
is taken into account, along with rotational i somer-
i sm. 1 3 0 The further development of the theory will
require the study of the intermolecular in terac-
tions (cf. reference 103).

It is obvious that a rigorous statist ical theory
of both the crystalline and the amorphous states
of polymers will be based on a thorough study of
in t ra- and intermolecular cooperative phenomena.

We see that there is a close connection between
the problems described in the different sections of
this art ic le . Thus, theoretical work in any field of
polymer physics is of general significance. The
state of polymer physics at present permits us to
t rus t in the rapid development of the molecular
theory, which in the near future is to become an
important aid to technology.
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