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ELECTROOPTICS OF THERMOTROPIC MESOGENIC
POLYMERS IN SOLUTION AND IN BUILK

V.R.TSVETKOV, L.N.ANDREEVA and A,P.FILIPPOV
Institute of Macromolecular Compounds of
the Academy of Sciences of the USSR,
Leningrad, USSR

Abstract The methods of diffusion, sedimen-
tation, viscometry and flow and electric bi-
refringence in dilute solutions have been
uged for the investigation of the conforma-
tional properties of molecules of a number
of thermotropic mesogenic aromatic polyes-
ters (APE) differing in the chain structure.
Elastic deformation in the nematic phase of
gome APE due to the action of magnetic and
electric fields were investigated.

INTRODUCTION

The conformational characteristics of polymer mo-
lecules (in dilute solutions) containing rigid
fragments in the main chain or in the side chains
determine to a large extent the possibility of
lyotropic or thermotropic mesomorphis% in a con-
centrated solution or in polymer bulki- ,

The present study carried out in dilute solu-
tions is concerned with hydrodynamiec, optical and
electrooptical characteristics of molecules of
aromatic polyesters differing in the chain struc-
ture and flexibility. Elastic deformations genera-
ted in the liquid crystalline melts of some of
these polymers under the influence of magnetic and
electric fields were also investigated.

EXPERIMENTAL

The investigations were carried out in dilute so~
lutions on samples and fractions of eromatic poly-
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egters the molecular structures of which are gi-
ven below

Para-APE (I) {080-%-@-%}
0 0
Para-alkylene APE (II) {0‘%‘@0‘(@'@‘%’0@‘%‘0‘«“2)4&
1]

Para-meta-APE (III) {-D-g@o'g@ﬁ*’@%‘o'@]

Para-orto=-APE (IV) 1 E‘U ‘@‘ﬁ‘o@u‘g'@o‘ g‘b ]
0 0

0
APE containing phenoclphthalein groups in thel

chain (V, VI, VII) 0 Q Q q ’
U I n [ Q.
tor-t-ort-t-R-C0-0- 00 ]
where is the phenyl ring incorporated into the
chain in the para- —Qr (V), meta- -C} (VI) or
orto-~ (V1I) positions.

The synthesis of these polymers has already
been describedb . The present study was carried
out on samples of each polymer over the molecular
weight ranges given in Table I,

The experimental methods used in the present
paper included sedimentation-diffusion analysis
of solutions, their viscometry and flow and elec-
tric birefringence® ,

RESULTS AND DISCUSSION

Hydrodynamic Properties

The molecular weight dependence of intrinsic vis-
cosity [9] and translational diffusion coefficient
D for the polymer samples may be represented in
the form of standart Mark-Kuhn relationships

1=k, M* ,  D=Kp'W (1)

The values of the coefficients K, and Kp
and exponents a and b are given in Ta%le I.

The molecular weight dependence of D and the
theory of tramnslational friction of wormlike chai-
ne6 are used for determination of the Kuhn's
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segment length A given in Table I, The values of
A are also listed in Table I. Ais the length of
the repeat unit of the polymer in the direction
of the wormlike chain representing the molecule.
The length of the Kuhn segment A=380+I0"“cm

obtained for para-APE (I) is close to the values
of A known for para-asromatic polyamides?6 ,This
result is a direct evidence for and a good illus-
tration of the structural and conformational si-
milarity of amide and ester groups responsible
for the flexibility of para-APA and para-APE, res-
pectively.

The introduction of phenolphthalein groups,
meta- or orto-phenylene rings or decamethylene
"gpacers" into the polymer chain drastically de-~
creages chain rigidity as a result of distortion
of its "crankshaft" structure which occurs in this
case,This result is also well known for the mole-
cules of aromatic polyamides@f ,

Theoretical conformational analysis of mole-
cules of the polymers investigated based on well-
known chemical structures of their repeat units
makes it possible to calculate the length of the
Kuhn segment A; corresponding to the unhindered
rotation about” the C-phenyl and O-phenyl valence
bonds of the chain®¥ Comparison of the values
of A obtained in this manner with those of A
foung experimentally permits the determination of
the degree of hindrance 6 =(A/A;)2t0 intramole~
cular rotations about these bonds of the chain,

The data in Table I show that for para-APE(I)
the rotation in the chain is close to free rota-
tion (& =I.1), which is characteristic of all ri-
gid-chain polymers® , With increasing chain coil-
ing (decreasing A), the degree of hindrance incre-~
agses and for a chain containing orto-phenylene
rings attains the value of 6 =2 close to those
characteristic of flexible-chain polymers, This
fact implies that the introduction of orto-phenyl-
ene rings into the chain leading to increasing com-
pactness of its structure marcedly increases the
sterical hindrances in this structure opposing
the rotation of neighbouring units in the chain,

Dynamooptical Properties

For all the polymers investigated, flow birefrin-
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gence, & n, is poslitive and proportional +to the
shear stress AT=g(9-9) where p and po are the
viscosities of the solution and the solvent, res-
pectively and is the rate gradient.

Pig.I shows the molecular weight dependence
of the shear optical coefficient Envf?3=lg@£gn/uf)

for the aromatic polyester investigated. For sam-
ples IV and VII the molecules of which contain or-
to-phenylene rings and are the most flexible, the
values of [n)/IP) are very low and do not depend on
molecular weight. For polymers II and VI the mole-
cules of which are less flexible, the values of
tn}/t9) are slightly higher but are virtually also
independent of M in the molecular weight range in-
vestigated. The absence of the dependence of [n)/ty]
on M implies that the conformations of the mole~
cules of these polymers can be described by a Ga-
ussian coil and the shear optical coefficient is
determined by the Kuhn equation

2
(CREYY) o =(4T/45KTRY(n%2) BA (2)
where $ is the amisotropy of unit length of
the wormlike chain and correspondingly P is
‘[[g]l A% s”
250
————— - -@o—qc@o-%-a-gm@g-u@-c'
. . { p 1) 0 ‘”’/({%ILU) R: @ 11 @'-‘L
S G F
150 ot ® '_____._."_‘T:,—
L) m- "
100 ga 2
50 _ pirigfsy-/w[ 0
- o 3
3 para.alevlene- APF » . °
0 20 . 40 pm,;ram— & & il ’ e “ 0 z"%— 0
a b

FIGURE I. Dependence of n)/ln] on molecular
weight M for solutioms of APE-I (I), APE-II

(3), APE-III (2), and APE-IV (4) in DCAA ( a);
APE-V (I), APE-VI (2), and APE-VII (3) in TCE(b)
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its segmental anisotropy.

The values of (Table I) are calculated
according to eq.(2) from the experimental values
of (IN/)se given in Table I and the values of A
obtained from the hydrodynamic data for polymers
11, IV, VI and VII,

For polymers I, III and V with more rigid
chains, [n1/I41 increases with molecular weight
tending to the limiting value, (IN1/10) )wo , at
high M, This increase reflects the deviation of
the optical properties of the molecules from these
of the Gaussian chalins, For these polymers, the
dependence of LhJ/(Y) on M may be described by the
theory of flow birefringence for wormlike chains
according to which we have

tn1/tgi=(tnlfigle, M/(M+ AMo/3)  (3)

where (Nl /Y] e is determind from eq. (2).

Curves I and 2 in Figure Ia and curve I in
Figure Ib are the theoretical dependences corres-
ponding to eqs.(2) and (3). They are plotted at
values of A, A , and ﬁ corresponding to the data
in Table I for polymers I, III and V.

The introduction into the polyester chain of
the -(CH2)jio~ sequences, or phenolphthalein and
meta—pheny{ene rings preventing the coaxial direc-
tion of internal relation bonds in the chain (po-
lymers III, V and VI) leads to an effect of decre-
ase in .

The chain anisotropy decreases particularly
drastically when aromatic rings in the orto-posi-
tion (polymers IV and VII) are incorporated into
the chain, This effect results from the proporti-
onality of the contribution provided to the chain
anisgtropy by each phenylene ring to the value of
3cos“yY ~I where ¥ is the angle formed by the in-
tramolecular rotation bond of this ring and the
direction of the wormlike chain (direction A ).
In the chain containing orto-phenylene rings, for
a considerable part of para-phenylene rings con-
tained in this chain, the angle can be more than
559, and hence these rings can provide a negative
contribution to the optical anisotropy of the
chain marcedly decreasing the positive wvalue

of % .
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Electrooptical Properties

The electrooptical Kerr effect was investigated
in the solutions of APE I,II,III,IV and some in-
dividual low molecular weight compounds (AE, i.e.
"monomers") corregponding to different fragments
of the APE chains® .

For the high molecular weight samples of pa-
ra-APE I and for APE samples II,IITI and IV, the
Kerr constant K=1im(An/cE2) ( E is the field
strength and ¢ - concentration) exceed these for
flexible-chain polymers by three and two orders of
magnetitude, respectively. This can be seen from
Table I in which the values of Koe y the Kerr con-
stants for the highest molecular weight samples of
the polymers are given.

In the order of absolute values, the K cons-
tants for APE are close to those obtained for comb-
like polymers with mesogenic side groups . This
similarity is due to the fact that for both these
groups of polymers the Kerr effect is caused to a
congiderable extent by the presence of rigid meso-
genic nuclei (ester-phenylene groups) in their mo-
lecules.

At the same time the data in Table 1 show
that the values of Koo decrease drastically when
alkyl groups or phenyl rings in the meta- or orto-
positions are introduced into the chain. This de~
crease is particularly pronounced for para-orto-
APE (IV) in which the change in the molecular
structure is accomponied by a change in both the
value and even the sign of the Kerr constant Ke .
The evident reason for these marked changes is a
decrease in both the chain rigidity (Kuhn segment
A) and its anisotropy P on passing from the para-
to the orto-structure.

However, the molecular weight dependence of
the Kerr constant for these polymers (Fig.2) appe-
ars to be of the uniqul character. The K values
for monomers and low molecular weight samples are
negative, whereas for all polymers (except APE IV)
they change their sign with increasing M and in
the range of positive K values increase tending
to the limit Koo »

The dependence of K on M for polymers I, II
and III corresponds to the predictions of the the-
ory of the Kerr effect in solutions of rigid-
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FIGURE 2. Dependence of the Kerr constant K
on molecular weight M for aromatic polyester
APE I, II, IITI and IV .

chain polymers represented by a kinetically ri-
gid wormlike chains® . The dependence of K on M
or on reduced chain length x = 2L/A = 2M/MyS (whe-
re S is the number of monomer units in the geo-
metrlc Kuhn segment 4) is described by the equa~

50_«,213 3 (W {(ﬁ'-) ot 5*?(“)60\,1’ 6xTx b
p UYL fz(x)i V- ‘—‘q‘ )7, L) +5;g§,o o1 (4)

4‘&)=2-1+e s fa(x)=2t0bg,(0); 2% or ax

o and &8 are the dipole moment and the dielect-
ric anisotropy of the monomer unit, ~* is the
angle between the dipole M, and the chain direc-
tion, ol = S/8; 1is the parameter characterizi
the ratio of the longitudinal-dipole (geometrin§
S to the transverse-dipole S, chain rigidity, h is
the end-to-end distance of the chain and Kes 1is
the limiting value of the Kerr constant in the

range x—-0: 2 .2
K oo™ (BPR/M, KT) & 8% 08?8
B=@EN, /s kT ) (e (e 02 )

According to egs.4 and 5, the expression for
the Kerr constant contains three terms the first
of which expresses the contribution to K of the
longitudinal components Mt cOS of monomer dipo-
leg, the second term describes that of the normal
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components M,sinx? and the third determines the
value of EB resulting from the dielectric anisot-
ropy of the chain., The sign of the first fterm co-
incides with that of § , the sign of the second
term is opposite to it and that of the third term
is always positive,

With increasing chain length ( parameter x),
the importance of the second and third terms de-
creases and at high molecular weights, according
to eq. (5), the Kerr effect is determined only by
the longitudinel components of monomer dipoles,
This is the principle of the "accumulation" of
longitudinal dipole components in the chain with
increasing chain length. At high x, according to
eq.(5), the sign of K. coincides with that of p
and, correspondingly, with that of ((n1/[9)1)ea °,
which is valid for all three polymers I, II and
III ( Table I ),

In the low molecular weight range (low x),
according to eqs. (4) and (5) we have

Ko™ (BBL/MPWE (3cofP-1)/2¢T +a 8] (6)

where P is the degree of polymerisation,

Under these conditions, for polymers the mo-
ncmer dipole of whgch }io is inclined to the chain
by an angle 3> 55°, the first (dipole) term in
eq. (6) is negative and, correspondingly, the Kerr
constant can be negative, This is the reason for
the negative K sign obtained for all the APE in-
vestigated (I - IV) at low M (Fig.2).

Both the coincidence of the signs of Koo and
(In] /191 )ee and the dependence of K on M obtained
for APE I, II and III are indicative of the large-
scale character of the molecular motion respon -
gible for the Kerr effect observed in solutions of
these polymers, This motion involves the orienta-
tion of the polymer molecule in the electric field
by the mechanism of its rotation as a whole, which
is characteristic of a cinetically rigid chain,

For polymer IV, over the entire molecular
weight range investigated, the Kerr constant re-
mains negative and virtually invariable with the
changes in M. This electrooptical behaviour is
characteristic of all flexible-chain polymers,
This fact implies that the incorporation of the
orto-phenylene rings into the polymer chain mar-
kedly decreases not only its equilibrium but al-.
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so its kinetic rigidity. As & result of this de-
crease, the molecules of para~orto-APE IV in the
electric field are oriented by the mechanism of
small-scale local motion of chain units.

Nematic Melts in Magnetic and Electric Fields

All the aromatic polyesters investigated, I - IV,
when heated in bulk up to their melting point Ty
form liquid-crystalline melts, However, their
melting temperatures are most often above 300° and
the isotropization temperatures T, are higher than
their degradation temperatures., The above mention-
ed facts refer not only to the most rigid para-APE I
(Tg = 340°C) but also to the most flexible para-
orto-APE IV (Tg = 320°C).

It should be noted that although the equili-
brium rigidities of molecules of these two poly-
mers differ by a factor of I5 (Table I), the tem-
peratures of existance of their mesophases are
very similar,

For the quantitative study of changes in 1li-
quid-crystalline textures in electric and magne-
tic fields we 3sed a para-APE with the molecular
weight M=4.10-7 the chain of which contains d4i-
ethylene glycol units as spacers - APE-VIII

{(C\-\z\z—ﬂ-%‘@u‘%@‘g‘o <O-t-0-(CH2)o-07
Q 0

(Tg =I90°C , Tp = 320°C)

For comparison, the texture changes in magnetic
and electric fields of a low molecular weight
nematic AE IX, a "monomer" analogue of APE VIII,
were also investigated

Haly-0-G -0-0-C-O-(-0-0-L-0-CyHy
o 0 0 0

(Tx =I70°C , T, = 208°C)

Both AE IX and APE VIII in the nematic phase
in thin layers limited by solid walls form homeo-
tropic textures (director is normal to the well
surfa?e). The methods developed by Freederiksz et
al 0 " were used for the investigation of de-
formations of these textures in magnetic H and
electric E fields., In these methods, wedge-shaped
layersof the nematic, limited by planar and sphe-
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rical of the quartz glasses were employed. Steady-
state magnetic and sinwave (80 kHz) electric fields
were applied.

For the beginning of deformation, the magnetic
field should be directed parallel to the layer
surface. In contrast, in the electric field, de-
formations in both the monomer and the polymer ne-
matics arise if the <field is parallel to the ini-
tial director orientation. This fact implies that
the electric field leads to the orientation of the
axes of both the monomer and the polymer normal to
the field and their dielectric anisotropies A€
are negative,

Hence, in contrast to the case of solution,
the normal cayponent of the dipole of the monomer
unit, Mssin s in the bulk of the liquid-crys-
talllne polymer plays an active role in the ori-
entation of the molecule in the electric field.
This fact implies that the mechanism of this ori-
entation is its small-scale motion rather than
the large-scale rotation of the entire chain, In
this motion, the "kinetic unit" is the moncmer
unit of the chain the orientation of which in the
electric field is similar to that in the low mo-
leculasr weight nematic.

Fig.3 shows the polarising micrographs of
preparations of the polymer nematic deformed by
the magnetic, H, or the electric, E, fields., In

HeE=0 FIGURE 3. Polarizing mi-
crogscopic textures of a
planar-concave layer of
a polymer nematic APEVIII
deformed by the magnetic
(H) or the electric (E)
field.

H= 12300 0e E=27 stat V/em
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‘crogsed polaroids, the "eritical boundary" sepa-

rating the distorted and the undistorted parts
of the nematic and illustrating the threshold cha-
racter of deformation (Freederiksz transition)
can be clearly seen, The interference rings, cur-
ves of equal thickness, are observed,

The pattern of the interference rings makes
it possible to determine the optical anisotropy
of the nematic: the difference between its two
main refractive indices : ng - ng .The values of
Nng - ng obtained for the monomer and the polymer
nematics are described by curve I in Fig.4 as a
function of temperature T. The experimental va-
lues of ng - ngy (points) for the polymer and the
monomer fall on the same curve, This fact implies
that the degrees of orientational order and the
values of diamagnetic anisotropies A} for the
polymer and the monomer nematics in the corres-
ponding temperature range virtually coincide,
The absolute values of AX for AE IX (and cor-
respondingly for APE VIII) can be assumed as co-
inciding with those for enizalaminoazobenzene des-
cribed by curve 2 in Fig.4. The values of A% have

7
Mely .2 ¢ XD, K
g2 1f
045 ,

0140

ey

® monomer
005+ - pobymer

0

100 50 T 0

FIGURE 4., Temperature dependence of optical
anisotropy ne - ng for low molecular weight
and polymer nematics (I), diamagnetic aniso-
tropy AF for anizalaminoazobenzene (2) and
the elastic bend constant K3 for low molecu-
lar weight and polymer nema%ics (3)e

been determined in ref.M in which it has been
shown that these values calculated per unit volume
in the corresponding temperature ranges virtually
coincide for different nematics.,

The measurement of critical baundaries in
Fig.3 permits the determination of critical thick-
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FIGURE 5, Dependence of the critical thickness
Zg for liquid-crystalline layers of the mono-
mer (curves 4-II) and the polymer (curves I-3
and I2-I4) on the inverse strength of the mag-
netic, I/H, (curves I-7) and electric, I/E,
(curves 8-I4) fields,

The numbers on the curves correspond to the
following temperatures; 287.5 (I); 267 (2,I4);
189 (3,I2); 193 (4,II); 205.5 (5,10); 209 (6,
9); 212 (7,8); 217 (I3)°C.

nesses Zg on the inverse values, I/H and I/E, of
magnetic and electric fields are shown in Pig.5.
The experimental points obtained at a constant
temperature fall on one curve passing through the
origin in accordance with the threshold character
of deformations predicted by the equations (7)10,41

2 M=%VK, /Y ZE = 2% VE Ky /ot (1)

where K4 is the elastic bend constant of the ne-
matics tnder investigation. The slopes of the
stright lines in Fig.5 determine the K3/A¥- and
KA/AE ratios and if the known values of A% are
taken into account, they also determine the va -
lues of elastic constants Kq « The temperature de-
pendence of K3 for AE IX and APE VIII is described
by curve 3 in"Fig.4. These data show that in the
corresponding temperature renges, T - T,, the va-
lues of Ko for the polymer and the monomer are

the same in the order of magnitude and close to
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‘thoge for other low molecular weight nematics,By
using the values of Kq and KB/AE it is possible

to determine the différence “ At between the two
main dielectric permittivities & and &, for
these nematics. The values of A€ for the polymer
and the monomer are close to each other in the or-
der of magnitude. In the temperature range investi-
gated they vary from -0.I to ~-I.0. The close values
of Ko and 4¢& for the polymer and the low molecu-
lar weight nematices reflect the factthat due to the
action of magnetic and electric fields, elastic de-
formation in both the monomer and the polymer pro-
ceed by similar machanisms of local motion of mono-
mer units and are virtuaelly independent of whether
these units form a part of the pclymer chain or
not. In this case the role of the polymer chain is
manifested mainly in the kinetics of the orienta-
tion procegses which are drastically retarded with
increasing molecular weight and decreasing polymer
temperature,
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