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Abstract. Experimental and theoretical aspects of the application
of steady and transient electrical birefringence methods to dilute
solutions of rigid-chain polymers are examined. The prospects of
using the Kerr effect to study the conformational and the
structural characteristics of macromolecular chains are analysed.
The effect of the polarity of the medium on the electro-optical
properties of polymeric molecules is discussed. The bibliography
includes 117 references.

1. Introduction

The wide interest which studies of the molecular properties of
rigid-chain polymers have attracted is due partly to the extensive
industrial applications of materials based on these polymers and
partly to the increasing need for general concepts concerning
the structure and the physical properties of macromolecular
compounds.

Latterly we have witnessed an increasing interest in studies of
rigid-chain polymers able to undergo thermotropic and lyotropic
mesomorphism, such as aromatic polyesters and polyamides, and
also cellulose esters. This interest has been stimulated by the
applications of substances of this type in various electronic
devices and by improvements in the technology of polymer
processing.

The structure and the conformation of the molecules of rigid-
chain polymers, which are responsible for the unique properties of
the materials prepared from these polymers, are determined by
studying the behaviour of their macromolecules in very dilute
solutions, in which the intermolecular interaction of the polymer
chains is negligibly small. The measurement of electrical
birefringence (EBR, the Kerr effect) is one of the most important
methods of studying the conformational and the kinetic
characteristics of rigid-chain polymers in dilute solutions, since it

V N Tsvetkov Institute of Macromolecular Compounds, Russian
Academy of Sciences, Bol’shoi prosp. 31, 199044 St Petersburg,
Fax (7-812) 218 6869

NV Tsvetkov Physics Institute, St Petersburg State University
ul. Ul'’yanovskaya 1, 198904 St Petersburg,

Fax (7-812) 428 7240

Received 5 May 1993
Uspekhi Khimii 62 (9) 900-926 (1993); translated by J I Carasso

provides information on the structural and the dynamic properties
of rigid-chain macromolecules which is needed in order to identify
the interrelationship between the molecular structure and the
physical properties of the polymers. This information is an
essential first step in the creation of new materials having
prescribed properties.

II. Theoretical aspects and experimental procedure

1. Theory of the steady Kerr effect for rigid molecules

In 1875 Kerr established! that a transparent isotropic substance
exposed to an electric field acquires the optical properties of a
uniaxial crystal with its axis parallel to the field. In the case of
weak DC fields the optical anisotropy generated in the sub-
stance is proportional to the square of the field intensity
(Kerr’s law):

An M=t _ gp? )

n n

Here An = ny — nyis the difference between the refractive indices
(extraordinary np, and ordinary n) for two light rays with electric
vectors oscillating in directions parallel and perpendicular to the
electric field respectively; E is the intensity of the electric field,
directed at right angles to the light rays; n is the average refractive
index of the substance; K. is the Kerr constant.

The electro-optical properties of substances are often
described in terms of the specific Kerr constant X, defined as

An
=R #)]

where p is the density of the liquid.

In the case of a solution the EBR caused by the presence of the
solute can be characterised by the Kerr constant of the latter,
defined by the expression

An

K= dm 52 ®

where An is the excess difference in refractive indices, due to the
solute, and ¢ is the concentration of solute (g cm™3),

The molar Kerr constant K, defined (according to Debye 2)
by the expression
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is sometimes used to characterise the molecular properties of
liquids. Here M is the molecular weight of the liquid and ¢ is its
dielectric permittivity.

The molar Kerr constant K2 of a two-component solution is
an additive quantity, expressed in terms of the molar Kerr
constants of the solvent ,K; and of the solute K> (see Stuart?):

oK =(1-fi)nkKi + ks, 6))

where f; is the mole fraction of the solute.
It follows from Eqns (3)—(5) that the molar constant of
the solute extrapolated to zero concentration (mK.—0) is given by

6KnM
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Here n and ¢ are the refractive index and the dielectric permittivity
of the solvent respectively.

The theories of Langevin* and Born,’ developed for gases,
relate the constant ., K of a substance to the principal components
of the tensor of the optical (y1, y2, y3) and the dielectric
polarisabilities (61, 2, d3) of the molecule and to the corre-
sponding components (u1, u2, u3) of its dipole moment by the
expression

2TNp |
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where N is Avogadro’s number.

It should be noted that Eqn (7) does not contain terms
explicitly dependent on the state of aggregation of the substance.
This explains the many reported attempts to use the equation in
descriptions of the electro-optic properties not only of gases
but also of liquids and solutions. Experiments have shown? that
Eqn (7) adequately describes those properties in the case of polar
molecules and of nonpolar substances not only in the gas phase but
also in their solutions in nonpolar solvents, but in the case of polar
(conducting) liquids and of solutions in polar solvents the equation
is unacceptable.

For substances in dilute solutions and consisting of molecules
having axially symmetrical optical and dielectric properties the
constant K in Eqns (6) and (7) is given by

2
xo 2mNa (P +2)E+2)| yi—m
" 135kTn 3 M
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where 6 is the angle defined by the dipole x4 and the axis of
symmetry of the optical and of the dielectric polarisability
(y1 and &).

Eqn (8) shows that the sign of K depends on the magnitude
and direction (angle 6) of the dipole moment of the molecule.
Thus for nonpolar molecules (1 = 0) the Kerr constant is always
positive, because the signs of (y1—y2) and (61 —92) are the same.
For strongly polar molecules, in which the term 6,32 can be
ignored, the Kerr effect is positive for § < 54.72° and negative for
8 > 54.72°.

We should stress the fact that the Langevin—Born theory,
which leads to Eqns (7) and (8), relies on the assumption that the
potential energy of the molecules associated with their rotation in
an electric field is small in comparison with the energy of the
thermal motion, ue/kT < 1and (6;—082)e2/kT < 1, where ¢is
the field acting on the molecule [according to Lorentz
€= E(e+2)/3). In the opposite case the dependence of An on E?
reaches saturation (see Kuhn et al. ¢ and O’Konskietal.”).

2. Transient electrical birefringence

The study of the electro-optical properties of molecules under the
influence of electrical pulses of various forms yields valuable
information on their rotational mobility and justifies a number
of conclusions on the nature of the EBR under study (is it due
mainly to the presence of a constant dipole moment in the
molecule, or to the anisotropy of its dielectric polarisability, or
even to a combination of these factors).

These possibilities arise because the reorientation of the
molecules under the influence of the electric field is not
instantaneous, but requires a certain time, depending both on
the rotational diffusion coefficient of the particles D, and on the
nature of the observed effect. Experiments of this type are difficult
when the samples under study are low-molecular substances,
because the molecular reorientation times are very short in
these materials (10~11-10—? s). However, in solutions containing
supermolecular species or rigid macromolecules the reorien-
tation times are significantly longer, and they can be measured
electrooptically.

Rectangular-pulse and sinusoidal periodic fields are the types
of field most often used in studies of the relaxation processes. The
pulsed field method was proposed independently by Russian® and
by French physicists. % 10

The disappearance of the EBR in 2 monodispersed system of
rigid particles or molecules with an axial symmetry of form and
of optical properties following the instantaneous switching off
of the field is determined only by their spontaneous disorien-
tation as a result of thermal rotation, is independent of the
electrical properties of the species, and is described by the
expression %10

An= Ange™/ | ©9)

where Any is the initial EBR of the system in a steady field, ¢is the
time, and to is the relaxation time,

0= $Dr. (10)
Here D, is the diffusion coefficient of the particles rotating
round their short axis (normal to the axis of symmetry). The
rate of the establishment of the EBR by switching on
the electric field is determined not only by the thermal motion
of the particles but also by the electrical properties of the
molecules.

For axially symmetric particles, in which the vector or the
dipole moment p is parallel to the axis of symmetry, the
dependence of An on ¢ when the field has been switched on
(ue/kT < 1)is described by the expression®-1°
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If the particle has no dipole moment (x = 0) and the EBR is
determined exclusively by the anisotropy of its polarisability
(61— 82), Eqn (11) becomes

An = Ang(1 —e~"/70) (13)

In this case the growth of An on switching on the field (curve 1
of Fig. 1) corresponds exactly to its decay (curve 3). If the
molecules are oriented by the field E only because of the dipole
moment y we find from (11)
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Figure 1. Dependence of the relative value of the EBR on the relative
time for instantaneous switching the electric field on (/, 2) and off (3):
() and (3) nondipolar (x = 0) and electrically anisotropic particles, (2)
and (3) dipolar and electrically isotropic particles (§ = 0).

An 3 Lim
Ano—l ze +Ze . (14)

In this case An increases more slowly than in the case of
inductive orientation, and the An (¢) dependence (curve 2 of Fig. 1)
is tangential to the ¢ axis for ¢ = 0.

In the more general case, An increases more slowly when
the steady dipole of the particles plays a dominant role in the
EBR.

In a sinusoidal electric field of voltage E = Ej coswt the
orientation distribution function of dielectrically anisotropic and
polar particles should be time-dependent. Accordingly, the
observed excess birefringence An stimulated by the dissolved
substance is also time-dependent.

For dielectrically isotropic particles the instantaneous value of
the excess EBR of the solution [An(?)} and the corresponding
instantaneous value of the Kerr constant [K (¢)] are defined by the
expressions!!

_2An(r) cos(Zwt — @)
K(t)— "B’ —K{1+ [W]} , (15)
tang = 2mw1p,

where w and Ey are the angular frequency and the amplitude of the
electric field.

If follows from this expression that in a sinusoidal field An (r)
and K(¢) oscillate symmetrically with respect to the mean value of
Kwith a doubled frequency, and that their sign at any instant is the
same as that of K. The amplitude of these oscillations falls to zero
as the frequency o increases. When the time-average value of Anis
the monitored quantity the measured EBR is independent of the
frequency of the field, and remains equal to its equilibrium value
in a steady field of amplitude E = Ep/v2.

If particles having constant dipoles are exposed to a
sinusoidal electric field the expression for their Kerr constant
takes the form

_ 2An(2)
k= cE?
1 cos(2wt — ¢)
=K
[1 + w212 + (1 +4w21_.g)1/2(1 N mlrz)‘/Z J (16
tan g = ot
=3 50

The first term in Eqn (16) is time-independent. It is a
time-averaged value of the Kerr constant for a fixed field
frequency v:

K
(1 + w?e?)
This average value of X, decreases with increasing frequency of
the field, and vanishes at high frequencies because of the
relaxation of the rotational motion of the dipolar particles.
According to Egn (17) 7 can be determined from the dispersion
curve by using the condition

K, = a7

T=—

Om

, (18)

where wn is the angular frequency for which Av, = (Ang+ Any)/2
(Ang and An, are the values of An for w = 0 and w =
respectively).

If a particle (or a rigid molecule) has both a steady dipole and
dielectric anisotropy the time-dependent value of K(¢f) is
determined by the sum of the expressions (15) and (16) with
appropriate weighting coefficients. If the quantity monitored in
the experiment is the time-averaged value of the EBR as a function
of the frequency of the external field the plot of K has the form
shown in Fig. 2:

Ky

0 1 10 ar

Figure 2. Frequency dependence of the mean Kerr constant for a solution
of dielectrically anisotropic dipolar particles: (1) K5, the anisotropic part
of the Kerr constant, (2) overall effect K = K; + K, (K, is the dipolar part
of the Kerr constant).

However, it should not be forgotten that the expressions
(9)— (18) are valid only for monodispersed systems of particles
or of rigid molecules. Substances studied experimentally are
usually polydispersed in relaxation time. In this case the total
value of An(t) is a superposition of the An;(¢) values (where i is
the number of the group of molecules having identical relaxation
times, allowing for their mass fractions in the sample). For rigid
polar molecules Eqns (9) and (14) can be re-written

T [Cowrunar,

(19)

where f(2,t)=e3%" for the decay and f(r,1)=1—(3/2e "+
(1/2)e—3t/* for the growth of An(¢), and the function ¢() allows
for the contribution to the EBR from molecules having relaxation
times between 7 and t +dt. The areas delinated by the growth and
decay curves are, respectively,

00 A %
Qg=J (1 - Anrf(t)))dt and Q= J%dt
0

0 Ano ’
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Starting from Eqns (13) and (14) for monodispersed rigid
particles or molecules we obtain

Q4

W

I

T 10,

for the decay curve and

Qe = %T 404
for the growth curve. In this case Qq is the ‘free relaxation’ time.

In the presence of polydisperseness with respect to the
molecular mass M or to the relaxation time 7 the areas Qg and
Qu are altered (in this case Q4 = (7o) is the mean free relaxation
time), but according to Eqn (19) their ratio stays the same:
Q¢/Qa = 4, irrespective of the form of the function (7).

Often the experimental dispersion curves are wider than
predicted by Eqn (17), suggesting polydisperseness of the
ensemble of molecules with respect to the relaxation times. These
dispersion curves can be described by replacing Eqn (17) by

An,

T 20)

= J'oo p(t)(1 + w?t?) ' de.
0

3. Relationship between the relaxation times and the
hydrodynamic and the structural properties of the molecules
Studies of the dynamics of the Kerr effect yield information on
the rotational mobility of particles or of rigid molecules, and
therefore on their size and shape, thus allowing meaningful
conclusions on the nature of the observed EBR to be made. The
same is true of studies of the time-dependent EBR in dilute
solutions of polymers, but in this case the possibilities offered by
the method are much wider: it can evaluate both the structural
(equilibrium) and the kinetic rigidity of the macromolecules.
The term kinetically rigid denotes a polymeric molecule whose
orientation time (to:) under the stimulus of an external field is
smaller than the time needed for its deformation (z4er) in the same
field. This definition suggests that a given macromolecule can
behave both as kinetically rigid and kinetically flexible,
depending on the nature of the forces acting on it. The length of
the Kuhn segment (4)!%!3 can be used as a measure of the
equilibrium rigidity ((#%)). If the beginning and the end of a real
polymeric molecule are super-imposed on the beginning and the
end of a model, freely coupled Kuhn chain having the same
contour line L the equilibrium rigidity can be evaluated by the
equation 12-14

(=LA, L=NA, Q@1

where k is a vector connecting the end-points of the chain, and N
is the number of Kuhn segments in the chain. The angle brackets
in Eqn (21) denote averaging over all the conformations of the
macromolecule.

Depending on their 4 value all polymers are usually classified
into two groups: rigid-chain polymers (with a large 4) and
flexible-chain polymers (with a small 4). Experimental data'3
show that macromolecules having a high equilibrium rigidity also
show kinetic rigidity, and are oriented in externally applied fields
by a mechanism involving the large-scale rotation of the molecule
as a whole. Conversely, the molecules of flexible-chain polymers
have a small kinetic rigidity,'? and therefore their orientationin an
electric field takes place by the deformation mechanism.

The study of the dependence of the relaxation time of
the EBR on the molecular weight of the polymer is of
fundamental importance for determining the character of the
motion of the molecules in an electric field. This dependence
can be described approximately by the following empirical
expression, which is valid over a reasonably narrow range of
molecular masses:

D=Kp M, (22)

where D is the rotational diffusion coefficient, Kp_is a constant
[Dy = 1/21]; b lies between 3 (for infinitely thin kinetically rigid
rods) and 1.5 (for kinetically rigid nonpercolating Gaussian
tangles).

A more general expression relates the relaxation time ¢ of a
kinetically rigid molecule to its molecular mass and to its
characteristic viscosity [#] in solution:!?

- = Mlnlno
2FRT

where no is the viscosity of the solvent and R = kNa. The
coefficient F depends on the hydrodynamic properties of the
particles used as models of the molecules: its limiting values are
2/15 for thin rods and 5/12 for spherical tangles.

A quantitative description of the equilibrium conformational
properties of polymeric molecules can be based on the theory of
the rotational friction of kinetically rigid vermiform chains.

In the first variant, developed by Hearst!5 for the vermiform
necklace model, the theoretical expressions were reduced to the
form

=1 f(x),

(23)

(24)

_ (6kT) 'mnoL?
" In(L/d) — 0.877 + 7[(1/In(2L/d)) - 0.28)*

Tr

Here 7. is the rotational relaxation time of the rod-like molecule'¢
whose length L and diameter d are equal (respectively) to the
contour line and to the hydrodynamic diameter of the molecule;
f(x)is a function which allows for the equilibrium flexibility of the
chain, and x = 2L/A.

In Hearst’s theory!S the function f(x) is a linear
correction (with respect to x) applied to the 7, value of a
rod-like molecule and valid only for x < 1, which seriously
limits the prospects of using this variant in conjunction with
experimental data.

Hearst’s theory was subsequently developed by Hagerman
and Zimm,!” who used it in conjunction with the Monte Carlo
method to express the function f(x) as a power series in x, thus
markedly extending its region of validity to 0.1 < x <5:

£(x) = (1.0120 — 0.24813x + 0.033703x > — 0.0019177x%)

x(1 — 0.06469x + 0.01153x2 — 0.0009893x°) .  (25)

By varying the parameters d and 4 we can construct a
theoretical curve offering the best description of the experimental
data [t = 7(M)), and thus determine the equilibrium rigidity and
the hydrodynamic diameter of the molecule. This calculation was
carried out'®!® for a group of DNA samples, and gave results
satisfactorily consistent with data obtained by translational
diffusion methods.

4. The Kerr effect in solutions of vermiform chains

As was pointed out above, macromolecules of rigid-chain
polymers behave as kinetically rigid chains in an electric field.
Furthermore, it was found that the EBR and the flow
birefringence (FBR) had the same sign for solutions of this class
of polymer in the Gaussian region. This shows that the character
of the orientation of their molecules in electrical and in
mechanical (shear) fields is the same, and involves a large-scale
rotation mechanism. Therefore the use of data obtained by the
FBR method for interpreting EBR results is fully justified.
The equilibrium electro-optical properties of solutions of
rigid-chain polymers can be described by starting from the theory
of the Kerr effect for rigid dipolar particles with axially
symmetrical optical and dielectric polarisabilities, using the A
axis (which connects the ends of the chain) as a symmetry vector.
The latter postulate is consistent with the basic conformational
characteristics of polymer chains discussed in the original papers
by Kuhn et al. 20-22
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Thus Eqn (8) becomes the starting expression for the Kerr
constant of a rigid-chain polymer. However, in order to establish
the quantitative dependence of K on the conformation and
structure of the macromolecule we need a specific molecular
model to describe its electro-optical properties. A large volume
of experimental and theoretical information!3 confirms that the
most universal model of the conformational, hydrodynamic, and
dynamic-optical properties of rigid-chain polymeric molecules is
the vermiform chain model, and that this model can reasonably be
used also to describe the electro-optical properties of these
molecules.

The theory of the equilibrium Kerr effect in dilute solutions of
vermiform chains has been fully developed.?-?* Since in the
ensemble of unfolded vermiform polymer molecules the dipolar,
the optical, and the dielectric terms which appear in Eqn (8) are
statistical quantities, averaged over all the conformations of the
macromolecules, a similar averaging is needed also for Eqn (8). In
this case the difference between the two principal optical
polarisabilities of the vermiform molecule (along the 4 axis and
at right angles to it) is given by the expression?’

3 Aa Sxfi(x)
(y1 =v2) 5T AN (26)
where Aa is the optical anisotropy of the monomer unit of the
chain, and S is the number of monomer units in the Kuhn
segment. Throughout this review angle brackets will be used to
denote quantities averaged over conformations. The functions
fi(x) and f> (x) take the form

N =x—1+e*; fi(x)=x2-08fi(x). @7
The difference between the two principal dielectric polarisabilities
(01 — 82) of a vermiform chain is also given by formula (26) when
Aa is replaced by Ab (where Ab is the dielectric anisotropy of the
monomer unit).

In addition to the geometric segment A, the electrical {(dipolar)
segment has been used to describe the properties of a freely
coupled Kuhn chain: it consists of a rigid linear combination of
uniformly oriented dipole moments po of the monomer units of
the chain,?® in which the ‘dipolar’ and the ‘geometric’ rigidities are
assumed to be equal. However, allowance was made for the
difference in the vector sum of the segment dipoles s paraliel to
the axis of the geometric segment (ug) and of the dipoles
perpendicular to that axis (us1 ). In the former, the dipole moment
of the molecule is parallel to the vector A, and its mean square
value is given by the expression

<ﬂ||2> - Nﬂ52|| . (28)

Eqn (28) reflects the ‘accumulation’ of the longitudinal
components of the dipoles of the monomer units, resulting in an
increase of the macromolecular dipole with increasing length of
the polymer chain. In the latter case the overall dipole of the
molecule is no longer parallel to A, but has a longitudinal (parallel
to ) and a perpendicular component, whose mean square values
are given by

(uf) = Nuy (%) a(%) ;
wr =i 1= (7) /#(2)]

where «"(h/L) is the inverse Langevin function of the convolution
parameter (h/L) of the chain, 22

These ideas have been applied2*2* to vermiform chains by
considering the general case of the dipole moment g of the
monomer unit at an angle $ to the tangent to the contour of the
chain. It has also been pointed out?* that the dipolar and the

29

geometric rigidity of the chain can differ for reasons not allowed
for in Kuhn’s theory. The equality of the geometric and of the
longitudinal (dipole) rigidity (characterised by the number §), = §
of longitudinal components pg; of monomeric dipoles in the
electrical segment) is beyond doubt. However, this hypothesis
may not be applicable to many rigid-chain molecules met in
practice: for example, para aromatic polyamides and polyethers.
The high geometric rigidity of the chains of these polymers is due
to their ‘crankshaft’ conformation,?’ one of whose features is a
substantial freedom to undergo intramolecular rotations round
the para aromatic axes. Allowance for the possible differences
between the longitudinal and the transverse dipole rigidity can be
made by introducing the parameter a > I;

Sp=aSL =S8, pyg =Suo = S)tocosy; (30)
sy = S por = S1ppsind .
Furthermore, noting that
3cos?9 - 1 i
<u2—2—~> = <uﬁ —7L> , €N

using Eqn (30), and inserting into (29) (k?)/L for a vermiform
chain, we obtain

<#2 3cos?9 — 1> _ MSps fi(x) [coszs 3f2(ax)sin?9

2 My Sofa(@x)f (x)} » (32

where My is the molecular weight of the monomer unit in the

polymer.
Inserting (26) and (32) into (8) gives an expression for the Kerr
constant of the vermiform chain:

K 30O

Koo 5(R)fa(x)

6kTxAb

3/ (ax) 2
x tan“9 + ———oo| .
[ 5;13” S fo(x)cos?8

R AnY A
33)

Here K is the limiting value of the Kerr constant in the region of
X—00:

_ BAa\ ,,
K, = (MMT)“OS cos“39 .

Using the Lorentz internal field multiplier gives the following
expression for the coefficient B:

(34)

21N,
= (Tzfs_fﬁ) (" +2)%(+2)°. (35)
Eqn (33) contains the term
(B 11, 2 /1(3x)
w3 = (2x+8) filx) + ER (36)

introduced in order to allow for the polydisperseness with respect
to conformations in the ensemble of vermiform chains; it varies
from 1 to 5/3 as x is varied from 0 to co.

It follows from Eqn (34) that the sign of K is the same as the
sign of Aa, since in a solution of kinetically rigid vermiform chains
the signs of the EBR and of the FBR should coincide in the
Gaussian region. We should stress that in order to achieve a
quantitative characterisation of the dipole structure of macro-
molecules the parameter Aa must be known. For polymers Aa can
be found by the FBR method, starting from the experimentally
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determined value of the optical shift coefficient in the Gaussian
region.

An dn(n? +2)°
(E)m_ askTn 295

where At is the shear stress in the flow.

Fig. 3a shows plots of the relative Kerr constant K/K 3~¢
against x for « = 1 in the case of kinetically rigid vermiform
chains. The curves differ not only in their asymptotic value (which
is proportional to cos29) but also in their shape. If the dipole is
perpendicular to the direction of the chain (3 = 90°) the Kerr
effect is opposite in sign to Aa for all values of x, and decreases to
zero (in absolute value) as x is increased. This is because the
correlation in direction between the dipole moment of the chain
molecule (obtained by summing all the perpendicular components
of the dipole moments of the monomer units) and the direction of
h decreases as x is increased, and disappears in the Gaussian
region.

An entirely different situation is observed on summing the
longitudinal components of the dipole moments of the monomer
units, since in this case the dipole of the molecule is parallel to &
and increases with x. These effects produce a sign inversion
(at 90° > & > 54.74°) in the plots of the relative Kerr constant
against x (see Fig. 3a).

Possible effects of the difference between the longitudinal
and the transverse dipole rigidity on the Kerr constant
are illustrated in Fig. 3b, which shows plots of the ratio
K/K, for fixed angles § = 0° and 70° and different values
of a.

The most widely used methods of measuring the EBR rely on
monitoring changes in the light flow.28-3% The methods therefore
cannot be applied when the light flow undergoes time changes
unrelated to the effect of interest. In these circumstances EBR
measurements are possible only by the null method, in which an
elliptical compensator is used to identify the effect due to
birefringence.

Most of the rigid-chain polymers are soluble only in strongly
polar, conducting solvents, and therefore their EBR can be
studied only by using pulsed electric fields. The most widely used
fields consist of rectangular pulses. However, in order to identify
unambiguously the nature of the EBR we must use electric fields of
varying sign: in this case sinusoidal-pulse fields are the most
convenient.

The apparatus for measuring EBR in sinusoidal-pulse
and in rectangular-puise fields is shown diagrammatically in
Fig. 4. The operating principle of its electrical part has

—0.2 ! 1 L 1
10 20 30 0 x

K/Ko

Figure 3. Plots of the relative Kerr constant against x for a kinetically
rigid vermiform chain with & = 1 (@) and different values of a (b): 9 is the
angle between the dipole of the monomer unit and the direction of the
chaina: 9 = 0°(7),30°(2),45°(3), 54.43°(4),70°(5),90° (6); b: 8 = 0°
1),70°2-7); a=0(1),1.0(2),1.5(3),2.0(4),3.0(5),5.0(6), 10.0 (7).
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Figure 4. Apparatus for measuring the EBR by the compensation method
in pulsed (sinusoidal and rectangular) electric fields: () helium—neon
laser (4 = 632.8 nm); (2) and (6) polariser and analyser (Franck — Ritter
prisms); (3) piezoceramic modulator of the ellipticity of the polarised
light; (¢) Kerr cell; (5) elliptical compensator with a path difference of

0.01 4; (7) photodetector; (8) selective system; (9) and (10)
oscillographs; (11) pulse delay generator; (I2) rectangular pulse
generator; (/3) rectangular pulse former; (/4) sinusoidal pulse former;
(15) sinusoidal voltage generator; (I6) generator for exciting the
oscillations of the modulator.
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already been described in detail 332 The light flow &
emerging from the analyser depends on the difference in
phase between the mutually perpendicular oscillations of the
two light waves created by the passage of light through the
birefringent elements of the system. The azimuths of the
optical axes of the birefringent layer and of the modulator
form an angle of m/4 with the axis of the polariser. At low
phase differences 4 <€ 1 we have the following expression
for the light flux at the outlet to the photodetector:3!

(35 + Om + 0o 5in2g)>

D =@ 7

(37

Here @ is the amplitude of the light flux at the inlet to the system,
J s the phase difference generated by the solution (6= 2n/An/4,
where / is the optical length of the birefringent layer, and 4 is the
optical wave length), 8o and ¢ are the phase difference and
the azimuth angle of the optical axis of the compensator, and
0m = Om,Cos £2¢ is the phase difference introduced by the
modulator (6m, < 1, @/21 = 5 x 10° Hz).

By using a selective system, tuned to the modulation frequency
2, we can isolate the component of the light flux &',

o' = % (8 + 6o 5in2¢)dmycos Q1 , (38)

which is linearly dependent on the azimuth angle ¢ of the rotation
of the compensator. The compensation condition is defined by the
expression

8g = —8¢ sin 2¢, (39

where ¢, is the azimuth angle for compensation.

In measurements of the growth and decay of the EBR the
selective system is switched off, and the signal from the
photodetector is taken directly to the input of the oscilloscope
amplifier. However, the compensation condition (39) at the
instant corresponding to the beginning of the pulse (determined
by the time-delay of the master generator) stays unchanged.
Under these conditions a signal at double the modulation
frequency @ is observed on the oscilloscope screen at the
compensation instant.

Under the influence of an electric field of intensity
E = Epcoswt the oscillations of the two light waves linearly
polarised parallel and perpendicular to the voltage vector in the
Kerr cell acquire a phase difference

og = 575’ + (67&) cos(2wt — ) , 40

where 0, is the phase difference characteristic of the constant
component of the EBR, and dg, is the amplitude of the oscillations
in the EBR of frequency 2w. These two values coincide under
equilibrium conditions at low enough frequencies @, and y = 0,
but they differ in the frequency dispersion region corresponding to
the Kerr effect.

The amplitude & of the oscillations in the flow of frequency Q
is linearly dependent on 8, and on sin2¢, and vanishes at the
compensation point3!

dp, = —28ysin2¢, . C3))

Eqn (41) is valid also when a sinusoidally pulsed field is applied.

The magnitude and the sign of the Kerr constant can be
determined from Eqns (39) and (41). Various designs of the
Kerr cell have been proposed.?®:2? In studies of the EBR in
solutions of many rigid-chain polymers glass tubes fitted
with titanium electrodes and with quartz side windows
(held in position with springs or with adhesive) are most
convenient. The length of the electrodes varies between
1 and 10 cm, and the interelectrode gap between 0.33 and
1.2 mm, depending on the chosen solvent.

The compensation method of measuring EBR by modulating
the ellipticity of polarisation of the light gives the Kerr constants,
the characteristic growth and decay times of the EBR, and also the
dispersion relaxation times t, with relative errors of 10%, 30%,
and 20% respectively.

IT1. Transient electrical birefringence in solutions
of rigid-chain polymers. Experimental data

1. Study of the dynamics of macromolecules in rectangular-
pulse electric fields

Most of the recent studies of the rotational mobility of polymer
molecules by the transient EBR method have used rectangular-
pulse fields.!8 193390 The free relaxation of the EBR following
the removal of the field is usually monitored. The study of
macromolecular dynamics by the free relaxation method offers
information on the rotational mobility and on the conformational
characteristics of polymer chains, and in this case, as was stated
above, the nature of their orientation and of the observed EBR are
unimportant. The combined study of the EBR growth and decay
processes offers more information.

An(t)/Ang
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Figure 5. Time dependence of the relative EBR from the instant of
switching on (1) and off (2) a rectangular electric pulse for a solution of
the poly(butyl isocyanate) fraction with M = 58 x 10% in tetra-
chloromethane*! (a) and for a sample of polyamidohydrazide
(M = 266 x 103) in dimethyl sulfoxide*? (). Concentration of
solution/gem=3: (@) 1 x 10-4; (5)0.11 x 1072,

Plots of the growth and decay of EBR following the
instantaneous switching on and off of an electric field are
shown in Fig. 5 for poly(butyl isocyanate) and poly(amido
hydrazide). It can be seen that the growth of the EBR is
markedly slower than its decay. This behaviour is
characteristic of most of the rigid-chain polymers in which



Table 1. Dynamic characteristics of rigid-chain polymers in dilute solutions, obtained by the transient EBR method.

Fraction, polymer sample Solvent 102[n) fom3 g! 103 M 108 1o/s 108 Qy/s 106 7/s F Ref.
Fractions
cellulose nitrate Cyclohexanone 2.6-16.5 130-822 13.5-270 - - 0.38-0.76 38
cyanoethylcellulose " 23-74 104-317 11-23 - 22-63 0.2-1.5 39
diphenyl substituted Dichloroacetic acid 1.7-6.45 14-86 3-68 - — 0.3-04 40
poly(phenylene terephthalate)
poly(butyl isocyanate) Tetrachloromethane 0.35-65 8.4-700 2-320 83-640 0.7-650 0.08-1.5 41
polyamidobenzimidazole Dimethylacetamide 0.46-5.25 4-45 1-5 — 0.38-11 0.1-0.44 42
polyamidohydrazide Dimethyl sulfoxide 0.85-5.7 8.6—46 0.7-7 4-20 24-17 0.14-0.7 42
cellulose acetobenzoate Dioxan 0.16-1.75 13-198 - - 1-22 0.03-0.37 43
cellulose acetocinnamate " 0.1-6.5 7.7-878 - - 0.63-200 0.04-0.91 44
cellulose carbanilate " 0.09-0.78 14-107 - - 0.3-45 0.18-0.43 45
cellulose carbanilate " 0.1-2.1 10-195 - - 0.22-19.6 0.12-0.53 a
Samples of cellulose carbanilate " 1.6-11.5 340-4070 - - 23-265 0.6-4.5 46
Samples of cellulose carbanilate Dioxan 4.0 - - - 60 0.67 47
Ethyl acetate 3.1 400 - - 15 0.73 47
Cyclohexanone 2.7 — - - 40 1.17 47
Dimethylacetamide 2.6 - - - 18 1.06 47
Fractions
cellulose nitrate Dioxan 0.97-2.0 34-77 - - 0.9-6.6 0.6-1.0 48
poly(chlorohexyl isocyanate) Tetrachloromethane 0.4-38 8.8-159 - - 0.8-227 0.23-0.54 49
Sample of poly(butyl isocyanate) Tetrachloromethane — 24-3.6 230 - - 260-20 0.39-0.83 50
pentafluorophenol mixture
(0% — 10% mole fraction)
Samples of cellulose acetodiphenyl acetate Dioxan 1.7-32 — - - 16-98 - 51
Sample
ethylcellulose " 2.5 80 - - 14 0.29 52
benzylcelluose " 0.6 30 - - 1 0.38 52
cellulose diphenylphosphonocarbamate " 49 1000 — - 118 0.83 52
cellulose butyrate " 6.5 780 - — 236 0.43 52

a Data obtained in our laboratory.
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the EBR is determined by the presence of a large steady dipole
moment in the molecules.

The slight deviation of the experimental points in Fig. 5 from
the theoretical curves for a monodispersed ensemble of rigid
dipolar molecules indicates a relatively small polydisperseness of
the sample in relaxation times. From the An(t)/Anp curves
obtained in this way we can determine the growth and decay
times of the EBR whose values (extrapolated to infinite dilution)
are listed in Table 1.

As can be seen from Table 1 the (ty) values are strongly
dependent on the molecular mass M, which is typical of rigid-
chain polymers. The ratio Qg/(7o) is close to 4 for most of the
fractions of poly(butyl isocyanate) and poly(amido hydrazide), as
required by the theory for kinetically rigid dipolar molecules or
particles. However, for the fractions of these polymers having the
highest molecular mass we find Qg/(1o) < 4. Two interpretations of
this observation are possible. First, according to Eqns (11) and
(12) the ratio Qg/(to) should be less than 4. The development of
kinetic flexibility in the macromolecules when M becomes very
large can lead to the same result. An unambiguous choice between
these two alternative explanations can be made by using only
electric fields of variable sign, which immediately show whether or
not the molecule has a substantial induced dipole. Studies based
on sinusoidal-pulse electric fields 4142 have indicated a preference
for the second of these alternatives, which was shown to be
responsible for a decrease in the ratio Qg/(To).

2. Study of the dynamics of rigid-chain polymeric molecules
in sinusoidal and in pulsed sinusoidal electric fields
As pointed out above, unambiguous conclusions on the nature of
the EBR can be formulated by using electric fields of varying sign.
Sinusoidal fields are the most convenient for this purpose. An
additional advantage of a sinusoidal field as compared with a
rectangular pulse field is that in studies of the dynamics of
macromolecules of relatively low molecular weight in solutions
the relaxation times can be so small as to be impossible to measure
reliably by the free relaxation method. This shortcoming is almost
totally eliminated in the method of determining  in sinusoidal
fields, which can be used at any frequency in the radio-frequency
band: in other words, the sinusoidal field method can be used to
determine t over a much wider range of values.

The dynamics of macromolecules in electrically conducting
polar solvents can be studied only in pulsed sinusoidal electric
fields.

In Fig. 6 we show as an example the dependence of An on the
square of the effective voltage of a pulsed sinusoidal field for a
sample of polyamidobenzimidazole in dimethylacetamide. These
plots can be used to determine the constant X, of the polymer
[Eqns (16) and (17)] for a fixed frequency v of the pulsed field.

Figs 7 and 8 show dispersion plots of An,/Ang and of K,/K, .o
(where K, _, o is the equilibrium value of the Kerr constant) against
lgv for several rigid-chain polymers. Similar data for other
samples can be found in published reports.!>53 It can be seen
that all the plots in Figs 7 and 8 decay almost to zero as the
frequency of the sinusoidal field is increased, and that they are
strongly shifted towards lower frequencies by an increase in the
molecular mass M of the polymers. These observations suggest
that the mechanism mainly responsible for the observed EBR in
solutions of rigid-chain polymers in both polar and non-polar
solvents is a large-scale rotation of their dipolar molecules under
the influence of the applied electric field. Furthermore, in the
region of frequencies corresponding to the dispersion of the EBR
dispersions of the dielectric increment A ¢ of the solutions have
also been observed for cellulose poly(chlorohexyl isocyanate)>s
and carbanilate,’ the dielectric dispersion curves almost
coinciding with those of the Kerr effect. This indicates an identity
of the molecular motion mechanisms and corresponds to the
dispersion equation (17) for kinetically rigid molecules.

Anv/ Ano
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Figure 7. Dispersion plots of the EBR for the poly(butyl isocyanate)
fractions in tetrachloromethane. The broken line is the Debye dispersion
curve *! with a relaxation time 7 for the fraction 1. 103 M: (1) 770; (2) 700;
(3)200; (4)103; (5)86; (6)58.9; (7)57.8; (8)48.4; (9)29.6;, (10)28.6;
(11)21.2; (12)10.9; (i3) 8.4; concentration of solutions 1 x 10* gem 3.
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Figure 6. Dependence of the EBR on the effective intensity of a pulsed
sinusoidal field for a solution of a sample of polyamidobenzimidazole
(M = 43 x 10°) in dimethylacetamide (¢ = 0.23 x 1072 g cm™) at
different frequencies;*2 v/kHz: (1) 0.5, 1, 3; (2) 7; (3) 10; (¢) 20; (5) 50;
(6)70; (7)100; (8)200; (9) solvent at the same frequencies.

3. Kinetic and equilibrium rigidity of polymeric molecules
By using dispersion curves the ‘mean’ dispersion relaxation time t
can be calculated by Eqn (18). Typical concentration dependences
of 7 are shown in Fig. 9. Analogous data for several rigid-chain
polymers have been published recently.?” Values of 1 for several
rigid-chain polymers extrapolated to infinite dilution are shown in
Table 1.

As can be seen from Table 1, the relaxation times t increase
rapidly as the molecular mass M of the polymers is increased. The
model coefficient F can be calculated by using Eqn (23) in
conjunction with the characteristic viscosities [y].

An analysis of the dependence of F on the molecular mass for
different classes of polymer is of interest. In a homologous series
of fractions of a given polymer we note a tendency for Fto increase
with M in keeping with the accompanying change in the shape of
the molecule from rod-shaped to tangle-shaped. Furthermore, it
has been shown that in the fractions of these polymers having the
highest molecular mass the F values exceed the maximum
theoretical value for rigid particles. This is evidence of a
weakening of the dependence of 7 on M at high values of M. The
weakening can be attributed to the general conditions of
orientation and deformation of the chain molecule moving in an
electric field.5? Since ., increases with M in proportion to MJy],



860

V N Tsvetkov, N V Tsvetkov

1—45
2—43
3—133
4—30
5—245
6—204
7—19.38
8§—102
9— 40

lgv
c
Kv/Kv—-O ?l X11908_3:
2—154
1.0 3—122
4—117
5— 176
6— 13
7— 23
05F
1
6 lgv
e
M x 10—3;
KJK,-o 1—195
2— 55
L 35
1.0 30
21
19
10
0.5
lgv

M x10-3:

b
KfKumo M x 1073
1—46
2322
) 3—266
4—2138
5—152
6—14
7—10.5
0.5F §— 86
6 Igv
d Mx10-3
Ki/Ky—0 1—878

Figure 8. Plots of the relative Kerr constant against the frequency of a
pulsed sinusoidal field for some rigid—chain polymers. (a) solution of
a sample of polyamidobenzimidazole in dimethylacetamide (c{n] < 5);
(b) solution of a sample of polyamidohydrazide in dimethyl sulfoxide
(cn] < 0.5); (c) solution of a sample of cellulose acetobenzoate in dioxan;
(d) solution of a sample of cellulose acetocinnamate in dioxan (c{n} < 0.5);
(e) solution of a fraction of cellulose carbanilate in dioxan (¢ =
10-2 g cm3). Concentration of solutions/102 g cm™3: c): (1) 0.85; (2)7.7;
(3)and (5)2.1; (4)24; (6)6; (7)2.7;€)(1)0.1;(2)0.3; (3) 0.4; (4)0.33;
(5)0.44; (6) 0.9; (7) 1; the broken lines in Figs 8a and 8d are the Debye
dispersion plots with the dispersion time of samples ¢ and 70 respectively.

106 ¢/s

—‘—././2
S T 4
. 5
\ 4 - T 6
P . 7
—0—0—8
1 1
0 0.5 1.0 onl

Figure 9. Plots of relaxation time against the volume fraction of the
polymer in solutions of polyamidobenzimidazole in dimethyl-
acetamide.5 10-2 M: (1) 45; (2) 33; (3) 30; (¢) 24.5; (5)20.4; (6) 19.8;
7)10.2; (8)4.

and 7g.r is almost independent of M, we can expect to find 7o >
T der for high enough values of M, and therefore the anisotropy of
the solution in an electric field is produced by the deformation
mechanism. The transition from an orientation to a deformation
process as M is increased should result in an increase in F.

The results of Lewis, et al.!® are of interest in this context.
Starting from data on the free relaxation of the EBR in mono-
dispersed samples of DNA of relatively high molecular mass these
workers obtained the spectra of the times tp. The longest
relaxation time in the spectrum corresponded to the large-scale
motion of the DNA molecules, whereas the shortest times were
determined by the small-scale motion and the corresponding
deformation of the macromolecules. The largest relaxation time
increased rapidly with the degree of polymerisation of the
molecules, whereas the smallest was almost independent of M,
though its contribution increased with M. These results are a clear
illustration of the increased role of the deformation factor in the
EBR of a polymer solution when M is increased.

A large increase in the F coefficient with M has been
observed?S in samples of cellulose carbanilate of high molecular
mass (M > 350 x 103). This effect was also treated as a
manifestation of the intramolecular motion of the cellulose
carbanilate molecules at large M, and it was described in terms
of Zimm modes.%® %

An increase in the F coefficient upon changing the nature
of the solvent has been reported*’-5° for cellulose carbanilate
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Figure 10. Dependence of the relaxation time for some rigid-chain poly-
mers on the molecular mass (@) or on the chain length of the polymer (b—d).
Polymers: poly(butyl isocyanate) (a); polyamidobenzimidazole (b,I);
polyamidohydrazide (b, IT ); cellulose acetobenzoate (¢} and carbanilate
(d). Curves calculated: (1) for a cylindrical chain by Eqn (24), 108 dfcm :
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(a) 30; (b) 10; (c) 17; (d) 15; (2) and (3) for a vermiform chain in
the region of x < 5 by Eqns (24) and (25) with 102 A/cm: (a) 900 (2),
700(3); ()350(2),150(3); (c)400(2),200(3); (d)300(2),200(3); (4)
experimental data.

and poly(butyl isocyanate). This was treated as an increase in the
kinetic flexibility of these polymers in a polar medium, resulting
from the specific interactions of the macromolecules with the
dipolar? or the aromatic °® solvent molecules.

However, for the majority of rigid-chain polymers of not too
high molecular mass the F coefficient lies between the limits
predicted by the theory in the case of kinetically rigid mole-
cules. This shows that the EBR in these solutions is due mainly
to the large-scale motion of the macromolecules in an electric field.

This phenomenon allows us to use data on the
transient EBR to determine the conformational character-
istics (length 4 of the Kuhn segment) of polymers by using

the theory of rotational friction
vermiform chains.!”

In Fig. 10 we show plots of the cube root of the
dispersion relaxation time against the molecular mass M
(or the chain length L) for several rigid-chain polymers.
In addition to the experimental data we show theoretical
dependences for a straight cylinder and for vermiform chains
of the same diameter. The presence of experimental points in
the region of x < 1 allows us to determine the hydro-
dynamic diameter of these macromolecules. These results can
be obtained from measurements by molecular hydrodynamics
methods (translational diffusion, viscometry).

in kinetically rigid

Table 2. Conformational characteristics of some rigid-chain polymers in dilute solutions.

Polymer Solvent From transient EBR data From hydrodynamic and diffraction data
108 dfcm 108 Afcm Ref. 108 dfcm 108 A/cm Ref.
Poly(butyl isocyanate) Tetrachloromethane 30 8004100 41 28 840 60
Polyamidobenzimidazole Dimethyl acetamide - 2504100 42 5 130-260 61
Polyamidohydrazide Dimethyl sulfoxide - 250+ 100 42 9 160-190 62, 63
Cellulose acetobenzoate Dioxan - 300+ 100 43 17 210 64
Cellulose carbamate " 15 250450 a 11-16 240 65,13

2 Data obtained in the writers’ laboratory.
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These constructions can be used to determine the equilibrium
rigidity (the length 4 of the Kuhn segment) in the polymers.
The results are shown in Table 2, together with data obtained by
molecular hydrodynamics and light scattering methods, included
for comparison.

It is evident from Table 2 that the data obtained by the
transient EBR method for rigid-chain polymers (in both polar
and nonpolar solvents) agree reasonably well with the resuits of
other methods, and can be used for a quantitative characterisation
of the conformation properties of macromolecules.

IV. Steady electrical birefringence in solutions of
rigid-chain polymers. Experimental data

1. The problem of choosing the internal field multiplier

As we know, many rigid-chain polymers are soluble only in
strongly polar solvents, and therefore when discussing the
electro-optical properties of macromolecules in these solvents we
must allow for the difference between the electric field externally
applied to the solution and the electric field experienced by the
solvent molecules and by the macromolecules of the polymer
dissolved in it. Formally this difference can lead to a definition of a
suitable ‘internal field’ multiplier, which can be reasonably
assumed to be the same for studies of dilute solutions of rigid-
chain polymers in low-molecular polar solvents and for studies of
the electro-optical properties of the solvents themselves.

In the expression for the molar Kerr constant K defined by
Eqn (4) allowance for this difference is made by introducing an
internal field multiplier of the Lorenz type, [(¢ + 2)/3]%.%6 As was
stated above, the results obtained from the expressions (4) and (7)
agree well with the experimental data for substances studied in the
gas phase,3 and the agreement is reasonable for substances (both
polar and nonpolar) dissolved in a nonpolar solvent.57.68
However, attempts to apply these equations to concentrated
polar liquids (while retaining the Lorenz multiplier) led to
unacceptable results.5%- 70,71

An analogous situation was observed in studies of the
dielectric properties of polar liquids. The widely used Debye
theory,”? which relates the dielectric permittivity ¢ of a liquid to
the polarisability é and dipole moment u of its molecules, and
which uses a Lorenz internal field multiplier, was found not to be
applicable to undiluted polar liquids because it leads to physically
unacceptable values of u calculated from experimental values of e.
Much better results were obtained by using Onsager’s theory,”
which offers a more successful macroscopic model of the dielectric
properties of a polar liquid by allowing for the long-range
electrostatic interactions of the polar molecules, averaged over
the volume of the liquid. The difference between the electric field
applied to the sample and the electric field acting on an individual
molecule was allowed for by using two multipliers: for the internal
field P (the cavity field) and for the reactive field Q:

3 (PP +2)(2e+1)
T 2%+1” T 3(2e+¢?)

Onsager’s theory can be used to calculate with acceptable
precision the dipole moments of the molecules of polar liquids
from the diclectric permittivity of the liquid.”

Further attempts to improve Onsager’s model theory by
introducing corrections for the non-sphericity of the molecules’>
or by allowing for the orientational correlations between nearest
neighbours 7677 proved to be ineffective because the final
equations included unknown structural parameters of the liquid.

The successful application of the Onsager theory to describe
the dielectric polarisation of polar liquids stimulated attempts to
apply it also to the Kerr effect in the same systems. In some special
cases these attempts were successful.”®

According to currently held views’-%2 the EBR in polar
liquids can be influenced by molecular ‘hyperpolarisability’. It is
assumed that in a polar liquid the field acting on a molecule from
long-range and short-range neighbours is many orders of

42

magnitude greater than the external field E (both electrical and
optical) used in studies of the Kerr effect. Therefore the effective
polarisability of the molecules y. in the electric field should be
treated as a series in powers of E.

A two term expression for the specific Kerr constant has been
obtained®® 3! by using this approach and allowing for the internal
field by Onsager’s theory in the special case of a molecule having a
dipole moment p parallel to its optical symmetry axis. The first
(quadratic) term depends on u and is proportional to the optical
anisotropy of the molecule, whereas the second term is
proportional to the first power of u and provides a contribution
for the hyperpolarisability in the Kerr effect. According to
Buckingham®? the first term plays a dominant role in the
equation for X, in the case of molecules in which y ~ 1 D, and
the contribution from the second term is only ~ 15%.

This allows us to ignore hyperpolarisability effects and to base
the discussion of the EBR on the more general and more firmly
established expressions (2), (4), and (7), replacing the Lorenz
multiplier (¢ + 2)/3 by the Onsager multiplier PQ:

_ mNa (i +2)?
"“135kTM(P Q) n

3

3
x| Y i =)0 — &) +,:—TZ i — 1) — 1)
ij=1 hj=1
43)

Eqn (43) is formally applicable to both polar and nonpolar
liquids, since for the latter ¢ = n2 and the multiplier PQ reduces
to the Lorenz multiplier.

We have recently tested83 Eqn (43) with a wide range of
substances. Experimental values of K, for polar and for nonpolar
liquids were used in conjunction with (43) to calculate the optical
anisotropies of the molecules. The results were compared with
published data3.68.84 or with data calculated by the valence-
optical approach. This analysis led to the conclusion that the
Onsager internal field multiplier can be used to describe the
electro-optical properties of low-molecular liquids.

On the basis of these results®3 we obtained®’ an expression for
the molar Kerr constant of polar liquids by using the Onsager
internal field multiplier.

2 +n?
e(n? + 2)°

M 2n
3(n? + 2)X(PQ)?

1

nk=K, %KpMn (44)

Obviously, Eqn (44) is applicable also to non-polar liquids
(¢ = n?), since under these conditions it reduces to Eqn (4). For
an experimental demonstration of the validity of Eqn (44) we can
examine the data in Table 3, which lists the ,X values for several
liquids calculated® from the K, ¢, and n values by using the
expressions (4) and (44). For comparison the table also gives the
mK values obtained in dilute solutions in nonpolar tetrachloro-
methane or in the gas phase. It can be seen that the K values
calculated by using the Onsager internal field multiplier are
reasonably well correlated with the values obtained in a dilute
solution or in the gas phase, whereas the K values calculated by
Eqn (4) for polar substances are smaller (by a large factor) than the
values for a solution or a gas.

We may therefore conclude that the Onsager internal field
multiplier can justifiably be used to describe the electro-
optical properties of low-molecular-mass polar or nonpolar
liquids as well as those of rigid-chain polymers dissolved in these
media.

2. Dependence of the Kerr constant on the molecular mass

According to the theory of the Kerr effect in solutions of
vermiform chains the characteristic Kerr constant of rigid-chain
polymers should be sensitively dependent on the molecular mass
[Eqns (33), (34), and (36)]. The expected dependences have
been observed in cellulose poly-y-benzyl-L-glutamate,?” poly-
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Table 3. Calculated (I, II) and experimental values (III, IV) of K for various substances.
Substance € n 102K, /g cm? 102 ,K/g—! cm’ (300 V)-2

(300 V)~2

(Ref.35) in liquid ® in solution 8. 86 in gas 86

I 1| I v

Benzene 2.2 1.50 2.4 5.2 52 7 17
Chlorobenzene 5.6 1.53 66 64 125 137 190
o-Dichlorobenzene 11 1.55 170 70 334 362 —
m-Dichlorobenzene 5 1.55 37 53 89 74.7 —
p-Dichlorobenzene 2.4 1.53 10 36 36 38.9 -
o-Dibromobenzene 7.5 1.61 75 90 235 288 -
Nitrobenzene 35 1.56 1960 84 2780 1070 1330
Phenyl isothiocyanate 20 1.64 452 56 616 1230 —
1-Bromonaphthalene 48 1.66 33.6 66 100 213 -
Pyridine 12.3 1.51 123 24 139 150 -
Cyclohexanone 15.7 1.45 84 14 128 184 —
1,4-Dioxan 2.3 1.42 0.39 10 1.0 1.0 -
Nitromethane 36 1.38 55 13 56 89 55
Acetonitrile 37 1.35 353 5.3 256 239 —
Dimethyl sulfoxide 45 1.48 202 3.6 212 144 —
Dimethylacetamide 40 1.44 300 7.7 383 355 —
Acetone 21.5 1.36 90 5.2 94 107 99
Ethyl methyl ketone 18 1.38 85 8.3 107 88.2 —
Ethyl acetate 6.4 1.37 10.9 7.4 20.4 20.1 —
Chloroform 48 1.45 —-12.7 -17 —30.8 —28.5 —26
Tetrachloroethane 8.2 1.45 —-11.9 -93 —343 —15.2 —

2 I, calculated by formula (4); II, calculated by formula (44).

(chlorohexyl isocyanate),*® and nitrate,3%-48.88.89 and in cyano-
ethylcellulose,3 and cellulose carbanilate. %0

Some interesting results were reported by Kolomiets, et al.91
For the nitrates of flax cellulose in ethyl acetate and in cyclo-
hexanone a change in sign of the Kerr constant with increasing
molecular mass of the polymer was observed, as predicted by
Eqn (33). This observation demonstrates the difference between
the contributions to the EBR from the longitudinal and the
transverse components of the dipole moments of the monomer
units, and also reflects the accumulation of the longitudinal
components of the molecular dipole u oy when the chain length is
increased.

In all the work discussed above the experimental points
describing the homologous dependence of the Kerr constant
for the polymer can be reconciled with the theoretical curve (33),
which allows the 4 parameters of the equilibrium rigidity of
the molecular chains to be determined. The values of 4 are
shown in Table 4: they are reasonably well correlated with the
lengths of the Kuhn segment, determined by hydrodynamic
methods.

In Fig. 11 we show as an example plots of K against M for
cellulose poly(butyl isocyanate) in tetrachloromethane,® for
cellulose acetobenzoate,*:94 acetocinnamate,** and carbanilate
in dioxan, and also the theoretical dependences (33) for the
corresponding values of 4 and K. The values of 4 for these
polymers are given in Table 4.

Interesting results have been reported®? 101.103,105,106 for
various aromatic polyesters, mesogenic in the main chain. The
mesogenic nuclei in these macromolecules are a sequence of
ester groups separated by benzene rings introduced into the
chain in the para position. Introducing into the same chain
(as ‘spacers’) methylene groups which make the chain more
flexible, as well as benzene rings in meta and ortho positions,
markedly lowers the equilibrium rigidity of the chain. Further-
more an aromatic polyester containing an ortho benzene ring as a
spacer!0® is known to orient itself in an electric field by the small-
scale motion mechanism. At the same time an aromatic polyester
with a decamethylene spacer,®® in spite of its relatively low

equilibrium rigidity, orients itself in an electric field by the large-
scale motion mechanism (as a result of the accumulation of the
longitudinal components of the dipoles of the monomer units as
the chain length is increased).

A large difference between the longitudinal-dipolar and the
transverse-dipolar rigidity has been observed in mesogenic
aromatic polyesters. This effect is illustrated by Eqn (33), which
takes account of this difference by using the factor a. The
difference is specially notable in the polyester 13 (Table 4), for
which o & 3. This finding is not unexpected, since the molecule of
the polymer 13 is a good representation of the ideal para-aromatic
polyester, i.e. itis structurally close to the ideal ‘crankshaft’ model.
In Fig. 12 we show the molecular mass dependences of K for
mesogenic polyesters.

We have studied!?? the equilibrium electro-optical properties
of two aromatic polyamides: polyamidobenzimidazole and poly-
amidohydrazide, which are soluble only in strongly polar
(conducting) solvents such as dimethylacetamide and dimethyl
sulfoxide. A study of the kinetics of the orientation of these
polymers by the transient EBR method showed that their
molecules become oriented in an electric field by a large-scale
mechanism. The Kerr constant for these substances shows a
marked dependence on the molecular mass, characteristic of
rigid-chain polymers. However, the experimental points cannot
be fitted to the theoretical dependence (33) for any set of
adjustable parameters. This is interpreted as a manifestation of
an orientational correlation between the polar molecules and the
dipolar bonds of the polymer chain.

We have calculated’®’ the longitudinal component of the
macromolecular dipole (yﬁ /2 in these polymers. It was found to
increase steeply as the chain lengthisincreased (curve I of Fig. 13).
Curve 2 of the same figure is the theoretical dependence for
{ yﬁ)l/ 2, which can be calculated from the geometrical parameters
of the macromolecules. It can be seen that curves J and 2 approach
each other only in the region of small M, and that they are strongly
divergent for large M. The large values of yﬁ, for polyamido-
benzimidazole and polyamidohydrazide cannot be attributed
wholly to their dipole structure, and must be explained at least



Table 4. Length of the Kuhn segments of some rigid-chain polymers, determined by the equilibrium EBR method (4,) and by hydrodynamic methods (42).

Polymer Structural formula Solvent 108 4;/cm Ref. 108 45/cm Ref.
i
1 Poly-j-benzyl-L-glutamate o (CHz)z—IC—O—CHz—© Dichloroethane 1600 87 2200 94
1
-[—c—CH—blI
H
i
+C—n
2 Poly(chlorohexyl isocyanate) | Tetrachloromethane 540 49 500 95
CeH12Cl
(o]
Il
. +c—n
3 Poly(butyl isocyanate) | " 720 92 840 60
CsHy
—C—N
4  Cellulose carbanilate g | Dioxan 210 90 240 13, 65
—(CH;),—CN
5 Cyanoethylcellulose Cyclohexanone 260 39 290 96
—NO;
6 Cellulose nitrate Dioxan 155 48, 90 - —
(10.7% N) Ethyl methy! ketone - - 130 48
—NO,
7 Cellulose nitrate Cyclohexanone 310 88 - —
(13.4% N) Acetone 310 88 - —
—NO, Ethyl acetate 360 91 300 97
8 Cellulose nitrate Cyclohexanone 180 38 180 98
(12.1% N) _([f—@’ —ﬁ_CH3
9 Cellulose acetobenzoate o 0 Dioxan 210 93 210 64
T
—C—C=C ; —ﬁ—-CH;
10 Cellulose acetocinnamate " 300 44 230
—EHmcs—o—ﬁ——@—o—ﬁ—
11  Polydecamethylene (o} o} Trifluoroacetic acid 50 99 50 100

terephthaloyl-dip-p-hydroxybenzoate

98
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12 Aromatic polyester __E_
with p- and m-phenylene
rings in the chain

@_ c—0 O Dichloroacetic acid 120 101 120 102
Il
(o)

o)
It Il
13 Monophenyl substituted @—C—O 0—C+ " 380 103 380 104

poly-p-phenylene terephthalate

o

I

14  Diphenyl substituted C—-0 0—C i 260 40 260 40
poly-p-phenylene terephthalate

Dioxan - - 260 40

aData obtained in our laboratory
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Figure 11. Plots of the Kerr constant for cellulose polybutylisocyanate in
tetrachloromethane (g) and cellulose acetobenzoate (b) against the
molecular mass, and also for cellulose acetocinnamate (¢, I) and
carbamate (c, II) in dioxan against the chain length. The points are
experimental, the curves are calculated by formula (33). 10!° K/g™! cm’®
(300 V)2 (a) 2.1 x 10% (b)-2.6 (1), -2.0(2),-23 (3, 4), (c)-18
(), -7.5(2,3); 9/deg: (a)0; B)O(I-4); (c)0(1-2),70; « =3
(3); 108 4/cm: (a) 720; (b) 210 (I, 2); 150 (3); 270 (4); (c) 300 (I);
250 (2); 200 (3).

partially by the influence of the strongly polar solvent on the
electro-optical properties of the polymer chains.

Even more unexpected and instructive results have been
obtained® for the diphenyl-substituted poly(p-phenylene
terephthalate) (compound 14 in Table 4). This polymer differs
from compound 13 by the presence of an additional benzene
substituent in the self-repeating unit of the main chain. This
additional benzene ring greatly improves the solubility of the
polyester, which becomes soluble even in the nonpolar dioxan. Its

1010 K

80 2

40

{(

10

—51°

Figure 12. Dependence of the Kerr constant on the molecular mass for
aromatic polyesters.!% Polymer number (see Table 4); (1) 13; (2) 11; (3)
12; (4) analogue of 13, containing a benzene ring in the ortho positionasa
spacer; the points are experimental, the curves are calculated by Eqn (33)
fora = 3(1),1(2),1.3(3).

solubility is even higher in various polar solvents: for example, in
dichloroacetic acid. In Fig. 14 we show the molecular-mass
dependence of the Kerr constant for this polyester in
dichloroacetic acid. It can be seen that K increases steeply with
M, as expected for rigid-chain polymers oriented by a large-scale
mechanism in an electric field. Furthermore K changes sign during
the growth, suggesting an accumulation of the longitudinal
components of the dipoles of the monomer units and a weakening
of the correlation of the dipole formed by the normal components
Ho. with the direction of the vector A when M is increased. Lastly,
the experimental points can be fitted to the theoretical curve witha
reasonable choice of the parameters 3, 4, and a.

However, in the nonpolar dioxan the Kerr constant of this
polyester is almost unaffected by an increase in M, and remains
close to the K value of the corresponding monomer. Furthermore

1n1/2
(l‘n)
0%
4001 1
o
.
300 |
o
® o I
e II
o
200 t+
(o)
e /°
100
2
1 1
0 10 20 x

Figure 13. Dependence of the longitudinal component of the dipole
moment of macromolecules (;42)0's in the direction of the vector A
connecting the ends of the molecule upon the reduced chain length x =
2L/A: (1) experimental dependence for polyamidobenzimidazole (I) and
poly:amidohydrazide (II'); (2) theoretical dependence for a vermiform
chain with Ho| = 1.5D.
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Figure 14. Dependence of the Kerr constant on the molecular mass for
diphenyl-substituted poly(p-phenylene terephthalate) in dioxan (/) and in
dichloroacetic acid (2). The points are experimental; the curve is the
theoretical dependence according to Eqn (33) for & = 3 and X, = 80 x
10710 g1 ¢m5 (300 V)2,

it is negative, i.e. its sign is the opposite of the sign of the flow
birefringence of the same solution, and its magnitude is very
small (see Fig. 14). All this suggests a small-scale orientation of
the polyester (in its equilibrium state of rigidity) when exposed to
an electric field in a nonpolar solvent. Noting the dipolar
structure of the macromolecules of this polymer we can expect
to find a substantial perpendicular component of the dipole of
the monomer unit po., with a negligibly small longitudinal
component . Data obtained by the steady EBR method for
solutions of the para-aromatic polyester in dioxan point to the
same conclusion, suggesting that in a solution of this polymer
the EBR is due to the local reorientations of o, accompanying
the rotations round the para-aromatic axes.

The electrical birefringence in solutions of the same
polymer in dichloroacetic acid is produced by the large-scale
motion mechanism. This shows that a strongly polar solvent
not only alters the dipole structure of the macromolecule,
inducing the appearance of a substantial ug, component, but
also affects the process by which the EBR is created, replacing
the small-scale by a large-scale mechanism. The latter effect
may be due to an orientational correlation between the dipolar
molecules of the solvent and the polar units of the polymer
chain, leading to the formation in the polymer chain of an
‘effective’ electro-optical dipole which determines the
mechanism, magnitude, and sign of the EBR in solutions of
the polyester in a polar solvent.

3. Effect of polar solvents on the electro-optical properties of
polymer chains
The results discussed in the previous section show that a polar
solvent can strongly affect the electro-optical properties of rigid-
chain polymers. This phenomenon has been examined in our
laboratory'® by studying the viscometric, dynamo-optical, and
electro-optical characteristics of a cellulose carbanilate sample
(M = 4 x 105, degree of substitution 2.7), which is readily
soluble in both the nonpolar dioxan and in various polar solvents
such as ethyl acetate, cyclohexanone, and dimethylacetamide.
An analysis of these results suggests that the equilibrium
rigidity of the polymer chain is decreased when a nonpolar
solvent is replaced by a polar solvent. This is because the
mechanism of formation of the equilibrium rigidity of the
macromolecules of cellulose esters is strongly influenced by the
interaction between side groups (substituents in neighbouring
glucoside rings of the chain), which powerfully suppresses the
intramolecular rotations. The bonds produced by the interaction

of the side groups are weakened (and become easily broken)
under the influence of the polar solvent molecules, capable of
forming intermolecular bonds. A decrease in the optical
anisotropy of the monomer unit of cellulose carbanilate in
ethyl acetate has been noted and ascribed to microform effects.

The most interesting results were obtained in a study of the
equilibrium electro-optical properties of cellulose carbanilate in
various solvents. It was found that the Kerr constant of this
polymer increases steeply with the polarity of the solvent (Table 5).
The transient EBR data unambiguously show that the Kerr effect
in solutions of this polymer is determined, in all the solvents
examined, by the large-scale motion of its macromolecules under
the influence of the electric field produced by the presence of a
steady dipole moment in its chain.

In the calculation of the longitudinal component of the dipole
moment of the monomer unit pg of cellulose carbanilate in
various solvents allowance was made for two effects in addition
to those mentioned above. Firstly, the molecular mass of the
experimental sample is relatively high, and therefore its molecules
are in a Gaussian tangle conformation and the EBR of its
solutions is determined only by the longitudinal component of
the dipole in the monomer unit yo; [see Eqn (34)]. Secondly, we
must note that in the description of the electro-optical properties
of rigid-chain polymers in polar solvents it is reasonable to use the
Onsager internal field multiplier. In these circumstances Eqn (34)
can be re-written

2
Hoy
1357(k T M,

Starting from (45) we calculated the po; values shown in
Table 5, It can be seen that these values increase rapidly with the
dipole moment of the solvent molecules. At the same time the g
value obtained for cellulose carbanilate in dioxan is reasonably
well correlated with the dipole structure of the polymer chain. The
large values of ug for cellulose carbanilate in polar solvents
cannot be explained in terms of a single dipole structure of the
macromolecule, and must be treated as effective quantities,
denoting the presence of orientational correlations between the
polar molecules of the solvent and the dipolar bonds in the
polymer chain.

Ko = (PQ)*2nNA(n? + 2)2S?Aa (45)

Table 5. Electro-optical characteristics of the solvents (g, 1, K,;) and of the
solutions (K, ) of cellulose carbanilate.

Solvent £ /D 102 K,/ 10° K/ poy/D
g—! cm’ g—! cm’
300V)-2 (300V)—2
Dioxan 23 0 0.39 -7 0.95
Ethy! acetate 6.4 1.8 11.1 —10 1.4
Cyclo- 16 28 86.2 —45 28
hexanone
Dimethyl- 40 38 351 —200 5.6
acetamide

The present writers have recently carried out additional
studies, aimed at explaining the effect of polar solvent
molecules on the electro-optical properties of rigid-chain polymer
molecules. The cellulose carbanilate sample (M = 195 x 1073,
degree of substitution 2.3) was studied by viscometric, dynamo-
optical, and electro-optical methods in mixed solvents (dioxan—
ethyl acetate). The relative mole fraction of the components f
was varied from 0 to 1. A dispersion of the EBR in the radio-
frequency range was observed in all the solutions, the
dispersion curves falling almost to zero whereas the relaxation
times were reasonably well correlated with the size of the
macromolecules. These observations suggested a large-scale
motion in the orientation of the cellulose carbanilate
macromolecules in an electric field for all the mixed solvents
examined.
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Figure 15. Plot of the Kerr constant of cellulose carbanilate (M = 195 x
10?) against the mole fraction of ethyl acetate in the ethyl acetate —dioxan
mixed solvent.

The dependence of the Kerr constant of the ester on the mole
fraction f of ethyl acetate is shown in Fig. 15. The changes in X
with f are strongly non-monotonic. In principle this behaviour
could be due to changes in the dipole moment of the molecule, in
its equilibrium rigidity, and in its optical anisotropy with changes
in composition of the solvent. An analysis of these results led to
the conclusion that all three parameters listed above are operating
in the system. Noting that the molecular mass of the sample is
relatively high, i.e. that the macromolecule is in the conformation
of a Gaussian tangle, we can calculate py from Eqn (45), allowing
for changes in both S and Aa.

The dependence of ) for cellulose carbanilate on the mole
fraction f of ethyl actate is shown in Fig. 16. The non-
monotonicity of the changes in ) is evident. We specially note
that for f > 0.1 up value increases (within experimental error)
almost linearly with f. This observation evidently suggests that the
effective electro-optical dipole formed by the polar polymer chain
with the dipole moments of the ethyl acetate molecules increases in
direct proportion to the number of molecules of the polar
component in the mixed solvent. The slight decrease in py with
increase of fat f < 0.1 can be ascribed to the partial screening of
the dipole moment of the macromolecule by the polar solvent
molecules.

soy/D

15}

051

10 f

»
Figure 16. Plot of the longitudinal component of the dipole moment of the
monomer unit of cellulose carbanilate against the mole fraction of ethyl
acetate in a mixed ethyl acetate — dioxan solvent.

From the whole of this discussion we may conclude that the
EBR in solutions of rigid-chain polymers is determined not only
by the polar structure of their macromolecules but also (and to a
large extent) by the dipole structure of the chosen solvents, the
latter factor playing a dominant role in the case of strongly polar
liquids. This can lead to a change in the dipole moment of the
polymer chain, and also (as was pointed out above) to a change in

the very nature of the observed EBR, depending on the choice of
solvents. Therefore we can obtain quantitative information on the
magnitude and direction of the dipole in the monomer unit of the
macromolecules of rigid-chain polymers using only nonpolar
solvents.

V. Effect of the structure of side groups and
of the degree of substitution on the electro-optical
properties of cellulose esters

Cellulose esters are an important class of polymers of the rigid-
chain type. One property of these materials is particularly
attractive to research workers: the possibility of changing the
electro-optical characteristics of their molecules over a reasonably
wide range by varying the chemical structure of the substituents
and the extent of the esterification reaction (i.e. the average degree
of substitution y).

It has been firmly established 38: 49, 52,38,97,98,109 hat hoth the
optical shear coefficients An/At in FBR effects and the Kerr
constants for cellulose nitrates are sensitively dependent on the
degree of substitution. Thus, for cellulose nitrate containing
10.7% of nitrogen the optical shear coefficients (An/A1),, and
the Kerr constant K, in the Gaussian region are small and
positive.45:109 At the same time in nitrates containing a larger
percentage of nitrogen (An/At) and K, are negative, and K o is
greater by two orders of magnitude (in absolute value) than K,
for the less highly substituted nitrate,38: 52 88.97.98 The same papers
point out a steep increase in the dipole moment of the monomer
unit ug of the cellulose nitrates with the nitrogen content of the
side groups, but these results should be viewed with caution
because they were obtained in a strongly polar, electrically
conducting solvent, cyclohexanone, and this could introduce
significant errors in the dipolar characteristics of the polymer
chains.

We have reported 5! a study of the optical and the electrical
properties of two substituted cellulose esters (the acetodiphenyl-
acetate and the acetocinnamate) as a function of their degree of
substitution. The measurements of EBR, FBR, and viscosity were
carried out in a nonpolar, poorly conducting solvent (dioxan), and
the molecular masses of the polymers corresponded to the
Gaussian region. In both these cellulose esters we observed a
steep increase in the optical shear coefficients (An/At) and in the
Kerr constant K, upon increasing the degree of substitution y
(with respect to the benzene-containing radical). The results are
shown in Fig. 17. The nonlinearity of the plot of (An/At) against
y for cellulose acetodiphenylacetate may be related to a change in
the rigidity of the polymer chain with changes in ¥ or to an
incomplete equivalence of the contributions to the optical
anisotropy from the large diphenylacetate radicals, attached to
the second and to the third or sixth carbon atom in the glucoside
ring.

A study of the transient Kerr effect of these two cellulose esters
showed that the mechanism mainly responsible for the EBR
observed in solutions of cellulose acetocinnamate and aceto-
diphenylacetate at all degrees of substitution is the large-scale
rotation of their macromolecules under the influence of the electric
field, due to the presence of a steady dipole moment. However, as
was stated above, the absolute value of K, for these esters
increases rapidly with y. This dependence of the Kerr constant
on the degree of substitution may be due to an increase in the
optical anisotropy of the macromolecules (positive for the
diphenylacetate and negative for the cinnamate) with increasing
y, as was also inferred from the dependence of An/At on y, or
alternatively it may be due to changes in the dipole moment of the
molecular chain.

By using Eqn (45) we have calculated 5! the uq) values of the
esters tor different degrees of substitution y. It can be seen from the
results (Fig. 18) that in these esters o) increases with y, especially
in the acetocinnamate. This suggests that the dipole moment
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Figure 17. Plots of the optical shear coefficient (/) and of the Kerr constant
(2) for cellulose acetodiphenylacetate (a) and acetocinnamate (b) against
the degree of substitution.

contributed by the ester group in a side group of the glucose ring to
the longitudinal component of the dipole moment of the monomer
unit of the cellulose chain is strongly dependent on the structure of
the side substituent. In fact, it follows from these results ! that the
presence of benzene groups in the substituent leads to an increase
in the longitudinal component of the dipole of the monomer unit
Yoy in the polymer chain as a result of the change in the
contribution from the OCO group, whereas the presence of alkyl
radicals lowers the uq value.

We have recently studied the effect of the degree of
substitution on the electro-optical properties of cellulose aceto-
phenylacetate in dioxan (Figs. 18, 19). The results were similar to
those obtained previously.>! The optical shear coefficients and the
Kerr constants of these high-molecular samples were found to be
strongly dependent on the degree of substitution y with respect to
the phenylacetate group. This dependence of An/Az upon 7 is not
unexpected, since the introduction of strongly anisotropic groups
containing benzene rings should markedly increase the optical
anisotropy of the whole molecule in comparison with that of cellu-
lose acetate, which is not large. By using Eqn (45) we calculated
the longitudinal component of the dipole moment of the monomer
unit uo) for the cellulose acetophenylacetates at different degrees
of substitution (see Fig. 18). It can be seen from this figure that ug,,
increases with y. This effect should be interpreted in the same way
as for the cellulose acetodiphenylacetate.

Thus we may conclude that the presence of conjugated bonds
in the side chains increases the contribution from the ester group
of the side chain to the overall ug value of the cellulose ester
macromolecules.

Meaningful results were obtained for acetotritylcellulose
(compound 29 in Table 6). It was found that changing the degree

Flo||/ D

L 1 1
0 100 200 300 y
Figure 18. Dependence of the longitudinal component of the dipole
moment of the monomer unit in cellulose acetodiphenylacetate (1),
aceto-cinnamate (2), and acetophenylacetate (3) upon the degree of
substitution.

1010 g 1010 (An/A1)

Figure 19. Plots of the Kerr constant (/) and of the optical shear
coefficient (2) of cellulose acetophenylacetate against the degree of
substituion.

of substitution y with respect to the trityl radical from 0 to 145
increases (An/A7) by an order of magnitude, whereas the Kerr
constant increases by more than two orders of magnitude,
corresponding to an increase in ug) from 0.2 to 1.5 D. This large
increase in p ¢ suggests that the contribution to uq from the ether
group is more substantial than the contribution from the ester
group.

The other results in Table 6 also show that u g, for compounds
containing a simple ether group in a side group is usually higher
than for compounds having an ester group in the side chains
{exceptions to this rule are provided by the polymers 3 and 4,
whose side substituents contain the strongly polar amide group).
In a similar way, replacing the ester groups by hydroxyl groups
increases fg), as can be seen by comparing the data for cellulose
acetobenzoate and cellulose benzoate (compounds 9 and 10).
The strong effect of the structure of the side chain on the
longitudinal component of monomeric dipole can be illustrated
by comparing data for cellulose carbanilate and cellulose
acetobenzhydroxamate (compounds 4 and 33). Passing from the
structure of polymer 4 to that of polymer 33 decreases the negative
value of (An/At),, and therefore also of the anisotropy Ag by a
factor of two, whereas the modulus of K., decreases 200-fold and
o) decreases 10-fold.
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Table 6. Electro-optical properties of some cellulose esters

R—0O—H,C
Polymer Structural formula Degree of 1035Aa/ 109K,/ Ho)/D  Ref.
of substituent radical substitution®*  cm? g ' cm’ (300 V)2
1 Ethylcellulose —C;H;s 260 8 25 1 52
2 Benzylcellulose —CH2—© 220 6 6 0.7 52
3 Celtulose diphenyl- o 0_@ 200 12.5 25 14 52
phosphonocarbamate _ C-—-N——{l/
-0
O H
4 Cellulose carbanilate — | —ITT 270 —40 -70 0.95 47
O H
5 Cellulose nitrate —NO; 190 4.2 6 1 48, 90
6 Cellulose nitrate —NO; 230 —8.4 —550 — 38,98
7 Cellulose nitrate —NO; 270 ® -9 -900 - 88,97
8 Cyanoethyicellulose —(CH2):—CN 260 ® 17.8 250 - 39,96
9 Cellulose acetobenzoate —ﬁ H —-(“l——CHg 245 —26.6 -23 0.21 93,110
0 o 55
10 Cellulose benzoate _ﬁ—© 216 -27 7.7 038 d
(0]
11 Cellulose acetocinnamate PII Pll 200 —38 —18 044 4
—-ﬁ-—c=c—© ; —C—CH; 60
o]
12 Cellulose acetocinnamate Iil I-II 140 —26 -9.4 0.44 51
—C—¢=C } —G—CHs 160
O o]
13 Cellulose acetocinnamate Iil 1-|] 50 -9 —-1.1 0.2 51
b Oy g,
o
14 Cellulose acetodiphenylacetate @ 290 25.6 4.6 0.37 51
10
—ﬁ—C—H ; —ﬁ—CHs
co ¢
15 Cellulose acetodiphenylacetate @ 150 24 4.6 0.31 51
40
-—-ﬁ—C—H ; _ﬁ_CHg
°D °
16 Cellulose acetodiphenylacetate 130 @ 26.9 4.5 0.27 51
20
—C—C—H ; —(‘i‘—CHs
o °
17 Cellulose acetodiphenylacetate @ 115 20.4 39 0.3 51
130
-—C—C—H ;

—C—CH
o

o
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Table 6 (continued).
Polymer Structural formula Degree of 10%° Agfem® 100 K,/ poy/D  Ref.
of substituent radical substitution?® g~ lem’ (300V)—2
18 Cellulose acetodiphenylacetate 30 8.1 1.3 0.24 51
270
——ﬁ—C—H ; —ﬁ-—CHJ
° 0
19 Cellulose diphenylacetate @ 290 352 4.8 0.32 51
—G-CCH
° O
) 2 7 a
1 henylacetat 60 3 1.4 0.32
20 Cellulose acetophenylacetate _ ﬁ_ (I:_©, _ ﬁ‘—Cﬂs o
O H O
21 Cellulose acetophenylacetate Iil 150 5 1.02 0.29 d
——ﬁ—ﬁ:—@; —(—CHs 100
O H
22 Cellulose acetophenylacetate H 70 1.8 0.24 021 ¢
—c—c—@; —C—CH; 200
I I
O H
23 Cellulose acetophenylacetate Iil 32 1.0 0.21 0.26 d
_ﬁ—(l:@; _ﬁ_CH3 246
O H (0]
24 Cellulose acetophenylacetate Ili 5 1.3 0.2 0.22 d
O~ ®
O H
25 Cellulose diacetate ——(HZ—CHs 240 1 0.15 0.2 51
O
26 Cellulose triacetate '—ﬁ—'CHs 300 0.78 0.04 0.12 51
27 Cellulose butyrate _ﬁ—(CHz)z‘“CI'h 300 1.2 0.4 0.4 52
28 Cellulose acetomyristate —C—Ci3Hy7;; —C—CH; 290 © -22 -0.7 0.5 d
R
29 Cellulose acetotriphenylmethylate 145 22 87 1.53 d
110
L) —c-om
o °
30 Cellulose aceto-a-naphthylacetate —(T‘—Cﬂz ; —C—CH; 50 14 0.87 0.47 d
i o
31 Cellulose aceto-x-naphthylacetate —(If—CHz ; —C—CH; 25 1.4 0.18 0.2 d
32 Cellulose aceto-a-naphthylacetate —ﬁ‘CHz ; —C—CH; 10 1.1 0.08 0.15 d
f
33 Cellulose acetobenzhydroxamate —wr—c—@; —ﬁ—Cl’h 22132 -174 -03 0.1 a
H 0]
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Table 6 (continued).
Polymer Structural formula Degree of 10%5Aa/ 109K,/ Koy/D Ref.
of substituent radical substitution® cm? g1 cm’ (300 V)2
34 Cellulose acetobenzhydroxamate 9 240 —~11.5 —~0.4 013 ¢
—N-C ; —-ﬁ—cn, 60
H o)
35 Cellulose acetobenzhydroxamate ' 170 -7 —0.15 0.1 d
—N-C } —C—CH, 90
H
36 Celtulose acetonitrobenzoate NO: 25 -23 03 - d
275

——ﬁ@ H _ﬁ—cﬂg
(o} (]

® If the degree of substitution is quoted in two lines the values in the second line refer to substitution by acetic acid.

b Solvent: cyclohexanone.
¢ Solvent; benzene.
4 Data obtained in the writers’ laboratory.

In various studies of the EBR of cellulose esters it has been
assumed that the parameter yq), is determined by the dipoles of the
polar O —C bonds of the glucopyranose ring in the main chain and
is practically independent of the dipole structure of its side
substituents.52 The experimental information accumulated in
more recent work (and discussed above) is not inconsistent with
this assumption. As can be seen from the previous discussion the
characteristics mainly responsible for the electro-optical
properties of cellulose esters include not only the optical
anisotropy but also the dipole structure of the side substituents
in these molecules.

The parameter g ¢, which can be varied ten-fold by changesin
the structure of the substituent groups and in the degree of
substitution (see above), is determined by the sum of the dipole
moments of all the polar bonds included in the monomer unit of
the polyglucoside chain. Often the main part of this sum of
moments is the contribution from the polar groups of the side
substituents. Thus, in spite of the presence of some degree of
rotational mobility of the polar groups in the side substituents, the
dipolar contribution from these groups to the longitudinal
component ug; of the dipole of the monomer unit is effectively
‘fastened’ in this unit and gives rise to the large-scale orientation of
the polymer chain in an electric field.

Nevertheless the appearance of a freer ‘small-scale’ motion of
the anisotropic polar groups in the side chains cannot be excluded
in the EBR of solutions of cellulose esters. An obvious example is
provided by the results (unexpected for rigid-chain polymers)
obtained in solutions of celluiose acetonitrobenzoate
{compound 36 in Table 6). The dynamic birefringence of this
polymer is negative, whereas the EBR of its solutions is
positive. Further-more in the radio-frequency band its EBR
does not show dispersion, and K, (allowing for the degree of
substitution) is close to the value of the Kerr constant for a
solution of nitrobenzene in dioxan at a corresponding
concentration. All these observations suggest that the EBR in
solutions of this polymer is produced by a large-scale orientation
mechanism involving the polar nitrobenzene groups in the side
substituents.

V1. Electro-optics of solutions of branched
polymers with mesogenic groups in the side chains
Specific electro-optic properties are found in solutions of

polymers of the branched type, whose molecular basis is a
flexible polyacrylate or polymethacrylate chain with side groups

also having a chain structure and containing mesogenic fragments
of aromatic esters (Table 7).

Because of their dipole structure the monomer units of poly-
alkylacrylates and polyalkylmethacrylates (like those of other
carbon-chain polymers) do not have a component of the dipole
moment parallel to the polymer chain. Accordingly, the
orientation of their chains in an electric field takes place by a
mechanism involving local small-scale motions of the polar
groups. The electrical birefringence observed in solutions of
these polymers is quite small, and its sign is not correlated with
that of the FBR.!? The equilibrium rigidity of the molecules in
these polymers also corresponds to the rigidity of ordinary
polymers with flexible chains.

However, the physical properties of the polymethacrylate or
polyacrylate chain are markedly affected if the alkyl part (R) of its
side groups is replacd by the mesogenic chain of an aromatic
ester (see Table 7). This leads to an increase in the equilibrium
rigidity of the main chain of the resulting branched polymer to
A~ 50 x 10~8 cm,!3 exceeding 2—4-fold the rigidity of typical
flexible-chain polymers. This effect is related to the steric inter-
actions of the large side groups (a phenomenon well known in
other flexible-chain polymers'2).

However, the strongest effect of mesogenic side radicals is
observed in the electro-optical characteristics of branched
molecules, many of which are soluble in nonpolar solvents.
Thus, the study of the transient EBR in solutions of the polymers
1 and 2 (see Table 7) in a nonpolar solvent, using sinusoidal fields,
showed a dispersion of the Kerr effect in the radio-frequency
region (v = 102106 Hz). As the frequency is increased in this
band the Kerr constant falls almost to zero.!':12 This result
shows that the dominant contribution to the observed Kerr effect
comes from the large-scale rotation of the dipolar macromolecules
of these polymers in an electric field.

At the same time, though they show a tendency to increase
with M, the F coefficients for polymer 2 exceed the theoretically
maximum values for kinetically rigid molecules by a substantial
factor.!'? Furthermore, for the high-molecular mass fractions of
polymer 1 the relaxation time 7 is independent of the molecular
mass.'!! These observations show that (in addition to the rotation
of the molecule as a whole) a deformation mechanism of
molecular motion contributes to the development of the EBR in
these polymers. Its role increases with the molecular mass of the
fraction. The lack of dependence of T on M for the polymer 1 is
evidence that the condition Tor > T4er applies to this polymer and
that the motion of the molecular chain takes place by a
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deformation mechanism, in which only part of the molecule acts
as the ‘kinetic unit’, oriented in the electric field. However, under
these conditions the rotational mobility of the kinetic unit is lower
by 5 or 6 orders of magnitude than in ordinary flexible-chain
polymers, Therefore this motion (though intramolecular) is
similar in nature to a large-scale motion, since it is correlated
through the chain.

A study of the equilibrium EBR in solutions of the polymers
1-3 (see Table 7) showed that the Kerr constant is strongly
dependent on M: this behaviour is typical of monomers whose
molecular chain

—(CH2)6——OCEN

can accommodate an ‘accumulation’ of the longitudinal
component u of the monomeric dipoles. Further-more in these
samples (as in compounds 4 and 5) the signs of K and of An/Az
coincide in the region of high molecular masses (Table 7, see over),
suggesting identical orientation mechanisms of their macro-
molecules in electrical and in hydrodynamic shear fields.

Thus both the transient and the steady-state electro-optical
properties of branched polymers unambiguously show that the
insertion of mesogenic side groups in the main methacrylate chain
of polymers 15 (see Table 7) produces longitudinal components
of the monomeric dipoles ), uniformly oriented along the chain.
The po) values calculated by formula (45) from the Ag and K,
values in nonpolar solvents are shown in Table 7. They can
account for only a small part of the total dipole moment uo of
the monomer unit of the branched macromolecule. However,
these uq; components contributed by mesogenic side groups in the
polymeric molecule can accumulate along its main chain and
induce the orientational - polar ordering responsible for the Kerr
effect in the polymer solution. The formation mechanism of the
poy dipoles uniformly oriented along the main chain of the
branched polymer can be understood if one allows for the
orientational interaction between the side chains, whose
mesogenic nuclei contain dipolar compcenents g, normal to
these chains. In the presence of orientational order of the nematic
type between the mesogenic side chains the u, components can
contribute to the ug, component parallel to the main chain of the
polymer.

The important role of the mesogenic structure of the side
groups in the formation of the longitudinal components (ug)) of
the dipoles is clearly illustrated by the electro-optical properties of
polymer 6 (Table 7), whose side chains are long, polar, and
anisotropic, but not mesogenic. The equilibrium K values for
this polymer are small and similar in order of magnitude to the X
value for its monomer in tetrachloroethane, and also for low-
molecular substances with a structure similar to that of its side
groups. For sinusoidal fields at radio-frequencies no dispersion of
the EBR has been detected !4 in solutions of the polymer. These
results show that the branched molecules of polymer 6, whose side
chains are not mesogenic in an electric field, behave as kinetically
flexible and orient themselves by a deformation mechanism of the
chain (relying on the local motion of the polar groups).

As the mesogenic nucleus of the side group in a branched
polymer is moved further away from the main chain [by intro-
ducing a flexible segment (the spacer) between them] the
correlation between the orientations of the main chain and of the
side chains becomes less close. Therefore the large-scale motion of
the macromolecule is replaced by a small-scale (local) motion, in
which the orientation of the side chains in an electric field takes
place as in a solution of the corresponding monomer: by the more
or less independent rotation of the polar side groups. This
conclusion is well illustrated by data 112 obtained for the polymer
7, whose solutions do not show radio-frequency dispersion of X:
the equilibrium value of this constant is close to the K value for
sample 6.

The weakening of the orientational correlation between the
main chain and mesogenic side groups is of fundamental
importance in demonstrating the mesomorphism of the branched
polymer in a pure sample. As we know, branched polymers form a
thermotropic nematic phase only if the orientation of the
mesogenic side nucleus relative to the main chain is reasonably
free, i.e. in the presence of a spacer. Thus, we have studied !5 the
equilibrium and the transient EBR in the isotropic phase of a
branched polymer containing mesogenic cyanobiphenyl groups in
the side chains.

The relaxation time corresponding to a more or less
independent (local) orientation of the mesogenic side groups has
been obtained. Data on the equilibrium EBR confirmed these
results: its magnitude and its positive sign corresponded to the
magnitude and sign of the EBR in the isotropic phase (or in
solution) of the mesogenic low-molecular analogue.

VII. Conclusions

We have discussed the electro-optical properties of polymers
whose macromolecules differ strongly in their equilibrium
rigidity. The terms ‘semirigid” and ‘rigid-chain’ polymers have
been proposed for these materials. As we have pointed out, 116117
semirigid molecules cannot be treated as a class of polymers
having a well defined structure. It is better to characterise them
as a group of structures displaying a recognisable group of
physicochemical properties. One of the most important of these
properties is the large-scale orientation of the molecular chain in
an electric field. The necessary condition for the appearance of this
mechanism is the presence of a longitudinal component of the
dipole moment of the monomer unit ug, correlated over the
contour of the molecular chain.

The maximum value of the Kerr effect for polymers (in the
Gaussian region) is determined by the parameters Ag,, u%”, and
52, Depending on the possible values of these quantities the Kerr
constant can vary over several orders of magnitude in absolute
value, but the signs of X, and An/At are the same whenever u ), is
orientationally correlated over the chain. For many flexible-chain
polymers the fundamental condition for the formation of large-
scale EBR is not fulfilled, and therefore in these cases K is small
and is determined by the local orientation of the monomer units,
and the signs of K and An/Az are not correlated. However, even in
the presence of monomeric dipoles uo); uniformly oriented over
the chain the Kerr effect can be difficult to observe because S2
(and therefore also K) is small. In addition, the presence of
anisotropic and of polar side groups interacting specifically in a
flexible polymer chain can produce both a slight increase in S and
Aa as well as some increase in the y o parameters, and therefore it
can lead to the development in these solutions of an EBR effect by
the large-scale motion mechanism. A clear example of this
behaviour is seen in the branched polymers with anisotropically
interacting mesogenic side groups.

The nature of the development of a longitudinal component of
the dipole of the monomer unit in a polymer can differ in different
systems, but in nonpolar solvents ug for the polymer is always
determined by the dipolar structure of the macromolecules. Under
these conditions gy can be strongly dependent on the polar
structure of the main chain ({for example, in poly(alkyl
isocyanates)] as well as on the dipolar properties of the side
substituents, as is clearly seen in the cellulose esters.

When polar solvents are used the origin of the u ¢ component
is not so well understood. Under these conditions o, can be
formed by the specific interactions between the polymer and the
solvent, leading to the orientational correlation of the dipolar
solvent molecules and of the polar bonds in the polymer chain,
and resulting in the formation of an effective ‘electro-optical’
dipole in the macromolecule.

In studies of the transient EBR in dilute solutions of polymers
the nature of the formation of g is unimportant in principle.
Studies of the dependence of the relaxation times on the molecular



Table 7. Electro-optical properties of some branched polymers (CH;—(f——ﬁ—O—R) mesogenic groups in the side chains.
n

H2(|: (0]
R Solvent 1010 K/ 10'° (An/At)/ 10%° Agjcm?® uo /D Ref.
g=! cm’ (300V)—2 cms? gl
1 —@—O—ﬁ—@O—CwHu Tetrachloromethane —4to —20 —220 -110 0.7 111
[e)
2 —@—ﬁ—o@o—cgmg " —3.410 —8.0 —220 —110 0.43 12
(o]
3 d " —3to —7 —50 —40 0.8 11
NO2
4 Dioxan -7 -95 —80 0.67 113
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o D)=
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mass for rigid-chain polymers have yielded some quantitative
conclusions on the equilibrium rigidity of macromolecules
without introducing data obtained by other methods, and it also
allowed their kinetic rigidity to be characterised qualitatively.

An analysis of the dependence of the Kerr constant on the
molecular mass in rigid-chain polymers allows us to determine the
equilibrium rigidity of the chain. Under these conditions the result
is relatively unaffected by the choice of solvent. The problem is
simplified when the contribution to the electro-optical effect from
the normal component of the dipole of the monomer unit poJ. is
small, which corresponds either to a small value of 3 or to a large
value of a. Equilibrium EBR data can be used in studies of the
dipole structure of a polymer chain (the magnitude of the dipole of
the monomer unit u¢ and its slope $ with respect to the contour of
the macromolecule) only when nonpolar solvents are chosen.
To determine the angle 3 reliably it is important to include a
change in sign of the dependence of K on M, which should be
observed for 3 > 54°, since unless this is done the dependence of
the Kerr constant on the molecular mass is an insensitive function
of the angle 9 and cannot be used to calculate it. Unfortunately,
experimental data indicating a change in sign of X upon increasing
M have not so far been obtained in nonpolar solvents.

References

1. YXKerr Philos. Mag. 50 347 (1875)
2. P Debye, T Zakk Theory of Electric Properties of Molecules
(Translated into Russian; Moscow, Leningrad: Glav. Red.
Obshchetekhn. Lit-ry, 1936)
. H A Stuart Die Struktur des freien Molekuls (Berlin: Springer, 1952)
. M P Langevin C. R. Acad. Sci. 151 457 (1910)
. M Born Ann. Phys. 55 177 (1918)
W Kuhn, H Diihrkop, H Martin Z. Phys. Chem., Abt. 45 121 (1939)
Ch O’Konski, K Yoshioka, W Orttung J. Phys. Chem. 63 1558 (1959)
. N A Tolstoi, P P Feofilov Dokl. Akad. Nauk SSSR 66 617 (1949)
. HBenoit C. R. Acad. Sci. 228 1716 (1949)
. H Benoit C. R. Acad. Sci. 229 30 (1949)
. A Peterlin, H Stuart, in Hand- und Jahrbuch der Chemischen Physik
Vol. 8 (Eds A Eucken, K L Wolf) (Leipzig: Akadem. Verlag, 1943) p.1
12. V N Tsvetkov, V E Eskin, S Ya Frenkel’ Struktura Makromolekul v
Rastvorakh (Structure of Macromolecules in Solutions)
(Moscow: Nauka, 1964)

13. V N Tsvetkov Zhestkotsepnye Polimernye Molekuly (Rigid-chain
Polymer Molecules) (Leningrad: Nauka, 1986)

14. P Flory Statistical Mechanics of Chain Molecules
(Translated into Russian; Moscow: Mir, 1971)
15. J E Hearst J. Chem. Phys. 38 1062 (1963)
16. S Boersma J. Chem. Phys. 32 1626 (1960)
17. P J Hagerman, B H Zimm Biopolymers 20 1481 (1981)
18. P J Hagerman Biopolymers 20 1503 (1981)
19. P Lewis, R Pecora, D Eden Macromolecules 19 134 (1986)
20. H Kuhn Experientia 1 1 (1945)
21. H Kuhn Helv. Chim. Acta 31 1677 (1948)
22. W Kuhn, F Griin Kolloid Z. 101 248 (1942)
23. V N Tsvetkov Dokl. Akad. Nauk SSSR 205 328 (1972)
24. V N Tsvetkov Vysokomol. Soedin., Ser. A 29 995 (1987)
25. V N Tsvetkov Dokl. Akad. Nauk SSSR 165 360 (1965)
26. W Kuhn Helv. Chim. Acta 31 1092 (1948)
27. V N Tsvetkov Eur. Polym. J. 12 867 (1976)
28. E Fredericq, C Houssier Electric Dichroism and Electric Birefringence
(Oxford: Clarendon Press, 1973)

29. C Houssier, C O’Konski Molecular Electro-Optics (Ed. S Krause)
(New York: Plenum, 1980)

30. V Leute, T Smith Macromolecules 11 707 (1978)

31. V N Tsvetkov, I P Kolomiets, A V Lezov, A S Stepchenkov
Vysokomol. Soedin., Ser. A 25 1327 (1985)

32. AV Lezov, NV Tsvetkov Vysokomol. Soedin., Ser. A 32 162 (1990)

33. M S Beevers, D C Garrington, G Williams Polymer 18 540 (1977)

34. M Matsumoto, H Watanabe, K Yoshioka Biopolymers 6 929 (1968)

35. M Matsumoto, H Watanabe, K Yoshioka Biopolymers 121729 (1973)

36. K Yamaoka, K Fukudome Bull. Chem. Soc. Jpn. 56 60 (1983)

——

37.
38.

39.

41.
42,

43,

45.

46.

47.

48.

49.
50.
51,
52.
53.
54.
55.
56.
57.
58.
59.

60.
61.

62.

63.
64.

65.
66.

67.
68.
69.
70.
. RJW Le Fevre, A J Williams J. Chem. Soc. 1 562 (1964)
72.

73.
74.

75.
76.

O P Nwammuo, G C Maitland J. Chem. Soc., Faraday Trans. 88 1803
(1992)

I P Kolomiets, A V Lezov, G N Marchenko, V N Tsvetkov
Vysokomol. Soedin., Ser. A 27 2415 (1985)

1 P Kolomiets, A V Lezov, A S Stepchenkov, L N Andreeva,

A I Mashoshin, V N Tsvetkov Vysokomol. Soedin., Ser. A 28 1040
(1986)

. VN Tsvetkov, L N Andreeva, A P Filippov, E V Belyaeva,

A Yu Bilibin, A S Stepanova Vysokomol. Soedin., Ser. 433391 (1991)
AV Lezov, NV Tsvetkov, A A Trusov, V N Tsvetkov Dokl. Akad.
Nauk SSSR 305 659 (1989)

A V Lezov, N V Tsvetkov, A A Trusov Vysokomol. Soedin., Ser. A32
1887 (1990)

V N Tsetkov, G N Marchenko, N V Tsvetkov, A V Lezov,

S A Didenko Dokl. Akad. Nauk SSSR 320 672 (1991)

. N V Tsvetkov, G N Marchenko, S A Didenko, A I Khripunov,

A VLezov, V N Tsvetkov Vysokomol. Soedin., Ser. A 34 98 (1992)

E I Ryumtsev, L N Andreeva, N V Pogodina, E U Urinov,

L I Kutsenko, P N Lavrenko Vysokomol. Soedin. Ser. A 17 61 (1975)
N V Pogodina, K S Pozhivilko, Kh. Dauttsenberg, K I Linov,

B Filipp, E I Ryumtsev, V N Tsvetkov Vysokomol. Soedin., Ser. B18
851 (1976)

V N Tsvetkov, G N Marchenko, A V Lezov, N V Tsvetkov
Vysokomol. Soedin., Ser. A 322391 (1990)

N V Pogodina, K S Pozhivilko, N P Evlampieva, A B Mel’nikov,

S V Bushin, S A Didenko, G N Marchenko, V N Tsvetkov
Vysokomol. Soedin., Ser. A 23 1252 (1981)

V N Tsvetkov, E I Ryumtsev, N V Pogodina, I N Shtennikova

Eur. Polym. J. 11, 37 (1975)

V N Tsvetkov, E I Ryumtsev, I N Shtennikova, N V Pogodina,

T V Peker Eur. Polym. J. 11 315 (1975)

N V Tsvetkov, G N Marchenko, M A Bezrukova, S A Didenko,

V N Tsvetkov Dokl. Akad. Nauk SSSR 326 678 (1992)

V N Tsvetkov, E I Ryumtsev, I N Shtennikova, T V Peker,

NV Tsvetkov Dokl. Akad. Nauk SSSR 207 1173 (1972)

V N Tsvetkov, E I Ryumtsev, N V Pogodina Vysokomol. Soedin., Ser.
B 192141 (1977)

V N Tsvetkov, A V Lezov, N V Tsvetkov, L. N Andreeva

Eur. Polym. J. 26 575 (1990)

E I Ryumtsev, F M Aliev, V N Tsvetkov Vysokomol. Soedin., Ser. A
17 1712 (1975)

EIRyumtsev, L N Andreeva, F M Aliev, L I Kutsenko, V N Tsvetkov
Vysokomol. Soedin., Ser. A 17 1368 (1975)

A M North Chem. Soc. Rev. 149 (1972)

B Zimm J. Chem. Phys. 24 269 (1956)

B Zimm, G Roe, L Epstein J. Chem. Phys. 24 279 (1956)

H Murukami, T Norishye Macromolecules 13 345 (1980)

M G Vitovskaya, P N Lavrenko, O V Okatova, E P Astapenko,

V B Novokovskii, S V Bushin, S A Didenko, L V Avrorova,

G I Kudryavtsev, V N Tsvetkov Vysokomol. Soedin., Ser. A 23 1959
(1981)

M G Vitovskaya, P N Lavrenko, E P Astapenko, O V Okatova,

V N Tsvetkov Vysokomol. Soedin., Ser. A 20 320 (1978)

V N Tsvetkov, S O Tsepelevich Eur. Polym. J. 19 267 (1983)

S V Bushin, M A Bezrukova, E P Astapenko, S A Didenko,

A K Khripunov, V N Tsvetkov Vysokomol. Soedin., Ser. A 32 2054
(1990)

L N Andreeva, PN Larenko, E U Urinov, L I Kutsenko, V N Tsvetkov
Vysokomol. Soedin., Ser. B 17 326 (1975)

G A Lorentz Theory of Electrons (Translated into Russian,
Leningrad, Moscow: ONTI, 1934)

C G Le Fevre, R W Le Fevre Pure Appl. Chem. 5 261 (1955)

R J W Le Fevre Adv. Phys. Org. Chem. 3 1 (1965)

R S Amstrong, J J Aroney, C G Le Fevre J. Chem. Soc. 31474 (1958)
R I W Le Fevre, A J Williams J. Chem. Soc. 3 1671 (1961)

P Debye Polar Molecules (Translated into Russian;

Moscow, Leningrad: GNTI, 1931)

L Onsager J. Am. Chem. Soc. 58 1486 (1936)

O A Osipov, VI Minkin, A D Garnovskii Spravochnik po Dipol'nym
Momentam (Handbook on Dipole Moments) (Moscow: Vysshaya
Shkola, 1971)

J G Scholte Physica 15 437 (1949)

J G Kirkwood J. Chem. Phys.7 911 (1939)



876

V N Tsvetkov, N V Tsvetkov

77.
78.
7.
80.
81.
82.
83.
84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

G Froelich Theory of Dielectrics (Translated into Russian; Moscow:
Inostr. Lit., 1960)

V N Tsvetkov Kolloidn. Zh. 33 154 (1971)

A D Buckingham, J A Pople Proc. Phys. Soc. 68 905 (1955)

A D Buckingham, R E Raab J. Chem. Soc. 5 2341 (1957)

J D Ramshaw, D W Schaefer, J S Wough, J] M Dentch

J. Chem. Phys. 54 1239 (1971)

A D Buckingham Molecular Electro-Optics (Ed. C O’Konski)

(New York: Marcel Dekker, 1976)

N V Tsvetkov Vestn. Leningr. Univ., Ser. 4 4 22 (1990)

M I Aroney Angew. Chem., Int. Ed. Engl. 16 663 (1977)

N V Tsvetkov, A A Trusov, V N Tsvetkov Dokl. Akad. Nauk SSSR
315 664 (1990)

A N Vereshchagin Kharakteristiki Anizotropii Polyarizuemosti
Molekul (Characteristics of the Anisotropy of the Polarization of
Molecules) (Moscow: Nauka, 1982)

V N Tsvetkov, I N Shtennikova, E I Ryumtsev, V S Skazka
Vysokomol. Soedin., Ser. A7 1111 (1965)

V N Tsvetkov, I P Kolomiets, A V Lezov, G N Marchenko Dokl
Akad. Nauk SSSR 265 1202 (1982)

N V Pogodina, A B Mel’nikov, N P Evlampieva Khim. Drevesiny 6 3
(1984)

N V Pogodina, Candidate’s Thesis, Leningrad State University,
Leningrad, 1975

I P Kolomiets, N V Pogodina, A V Lezov, N P Evlampieva,

T A Stepchenkova, O T Shilina, G N Marchenko, V N Tsvetkov
Vysokomol. Soedin., Ser. A 29 2494 (1987)

V N Tsvetkov, A V lezov, L N Andreeva, N V Tsvetkov Dokl. Akad.
Nauk SSSR 303 672 (1988)

N V Tsvetkov, A V Lezov, G N Marchenko, S A Didenko,

V N Tsvetkov Vysokomol. Soedin., Ser. A 34 141 (1992)

V N Tsvetkov, Yu V Mitin, I N Shtennikova, V R Glushenkova,

G V Tarasova, V S Skazka, N A Nikitin Vysokomol. Sodin., Ser. A
7 1098 (1965)

M G Vitovskaya, V N Tsvetkov Eur. Polym. J. 12 251 (1976)

V N Tsvetkov, P N Lavrenko, L N Andreeva, A I Mashoshin,

O V Okatova, O I Mikriukova, L I Kutsenko Eur. Polym. J. 20 823
(1984)

N V Pogodina, K S Pozhivilko, A B Mel’nikov, S A Didenko,

G N Marchenko, V N Tsvetkov Vysokomol. Soedin., Ser. A 23 2454
(1981)

N V Pogodina, P N Lavrenko, K S Pozhivilko, A B Mel’nikov,

T A Kolobova, G N Marchenko, V N Tsvetkov Vysokomol. Soedin.,
Ser. A 24 332 (1982)

V N Tsvetkov, I P Kolomiets, A V Lezov, L N Andreeva,

AYu Bilibin, § S Skorokhodov Eur. Polym. J. 22 543 (1986)

V N Tsvetkov, L N Andreeva, P N Lavrenko, E V Beliaeva,

O V Okatova, A Yu Bilibin, S S Skorokhodov Eur. Polym. J. 20 817
(1984)

V N Tsvetkov, I P Kolomiets, A V Lezov, L N Andreeva,

A Yu Bilibin, S S Skorokhodov Dokl. Akad. Nauk SSSR 294 850
(1987)

V N Tsvetkov, L N Andreeva, P N Lavrenko, E V Belyaeva,

O V Okatova, A Yu Bilibin, S S Skorokhodov Fysokomol. Soedin.,
Ser. 428 2283 (1986)

V N Tsvetkov, [ P Kolomiets, A V Lezov, A P Filippov, A Yu Bilibin,
S S Skorokhodov Dokl. Akad. Nauk SSSR 296 1167 (1987)

V N Tsvetkov, L N Andreeva, S V Bushin, E V Belyaeva,

V A Cherkasov, A I Mashoshin, A Yu Bilibin, S S Skorokhodov
Vysokomol. Soedin., Ser. A 30 713 (1988)

V N Tsvetkov, I P Kolomiets, A V Lezov, A P Filippov Dokl. Akad.
Nauk SSSR 307 916 (1989)

V N Tsvetkov, L N Andreeva, A P Filippov Eur. Polym. J. 24 565
(1988)

V N Tsvetkov, A V Lezov, NV Tsvetkov, L N Andreeva

Eur. Polym. J. 26 575 (1990)

V N Tsvetkov, A V Lezov, NV Tsvetkov, L N Andreeva

Eur. Polym. J. 26 1103 (1990)

NV Pogodina, E V Tarabukina, L V Starchenko, G N Marchenko, V
N Tsvetkov Vysokomol. Soedin., Ser. A 22 2219 (1980)

S V Bushin, M A Bezrukova, S A Didenko, A K Khripunov,

V N Tsvetkov Vysokomol. Soedin., Ser. A 34 107 (1992)

V N Tsvetkov, E I Ryumtsev, I N Shtennikova, [ I Konstantinov, Yu
B Amerik, B A Krentsel’ Vysokomol. Soedin., Ser. A 152270 (1973)

112,

113,

114.

115.

116.

117.

N V Pogodina, V N Tsvetkov Vysokomol. Soedin., Ser. A 24 2275
(1982)

V N Tsvetkov, I P Kolomiets, N V Pogodina, A P Filippov Dokl.
Akad. Nauk SSSR 287 1172 (1986)

V N Tsvetkov, I N Shtennikova, E I Ryumtsev, N V Pogodina,

G F Kolbina, E V Korneeva, P N Lavrenko, O V Okatova,

Yu B Amerik, A A Baturin Vysokomol. Soedin., Ser A 18 2016 (1976)
EIRyumtsev, M A Agafonov, V N Tsvetkov Vysokomol. Soedin.,
Ser. A29 1091 (1987)

V N Tsvetkov Usp. Khim. 38 1674 (1969) [Russ. Chem. Rev.38 755
(1969)}

V N Tsvetkov Eur. Polym. J. 5237 (1969)




