1588 Macromolecules 1989, 22, 1588-1599

1986; p 58. (d) Han, C. C,; Lenz, R. W.; Karasz, F. E. Polym.
Commun. 1987, 28, 261.

(6) Kwolek, S. L.; Morgan, P. W.; Schaefgen, J. R. “Liquid Crys-
talline Polymers”. Mark-Bikales-Overberger-Menges: En-
cyclopedia of Polymer Science and Engineering, 2nd ed.; John
Wiley & Sons, Inc.: New York, 1987; Vol 9, pp 1-61.

(7) Campbell, T. W.; McDonald, R. N. J. Org. Chem. 1959, 24,
12486.

(8) Drefahl, G.; Kuhmstedt, R.; Oswald, H.; Hoerhold, H.-H.
Makromol. Chem. 1970, 131, 89.

(9) Morgan, P. W.; Kwolek, S. L.; Pletcher, T. C. Macromolecules
1987, 20, 729.

(10) Bellamy, L. J. The Infrared Spectra of Complex Molecules;
Interscience Publishers: New York, 1958.

(11) Malkes, L. ja.; Zadorozhnyni, B. A,; Ishcenko, I. K.; Shubina,
L. V. Opt. Spektrosk., Akad. Nauk SSSR, Otd. Fiz. Mat.
Nauk, Sb. Statei 1967, 3, 258; Chem. Abstr. 1967, 67, 43213.

(12) Wheeler, O. H.; Batlle de Pabon, H. N. J. Org. Chem. 1965, 30,
1473.

(13) Frazer, A. H. “High Temperature Resistant Polymers”. Poly-
mer Reviews; Interscience Publishers: New York, 1968; Vol.
17, p 65.

(14) Farthing, A. C.; Brown, C. J. J. Chem. Soc. 1953, 3270.

(15) Vedejs, E.; Marth, C. Tetrahedron Lett. 1987, 28(30), 3345.

(16) Traitteberg, M.; Fransten, E. B. J. Mol. Struct. 1975, 26,
69-76.

(17) Burgi, H. P.; Dunitz, J. D. Chem. Commun. 1969, 472; Helv.
Chim. Acta 1970, 53, 1747.

(18) Wojtkowski, P. W. Macromolecules 1987, 20, 740.

(19) Naylor, J. R. J. Chem. Soc. 1952, 4085,

(20) Fleming, R. H.; Quina, F. H.; Hammond, G. S. J. Am. Chem.
Soc. 1974, 96.

(21) Bryant, W. M. D.; Smith, D. M. J. Am. Chem. Soc. 1935, 57,
57.

(22) Sorenson, W.; Campbell, T. W. Preparative Methods of Poly-
mer Chemistry, 2nd ed.; Interscience: New York, 1968; pp
57-59, Method A.

Liquid Crystalline Polymers Containing Heterocycloalkanediyl
Groups as Mesogens. 7. Molecular Weight and Composition
Effects on the Phase Transitions of Poly(methylsiloxane)s and
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ABSTRACT: The synthesis of poly(methylsiloxane)s with different molecular weights and of poly(me-
thylsiloxane-co-dimethylsiloxane)s with different molecular weights and compositions, both containing 2-
[4-(2(S)-methyl-1-butoxy)phenyl]-5-(11-undecan-1-yl)-1,2,3-dioxaborinane as side groups, is described. Co-
polymers containing around 50/50 weight ratios between the polymer backbone and the polymer side chains
exhibit two changes in their heat capacity. Sequence distribution considerations, dynamic mechanical thermal
analysis measurements, and influence of both molecular weight and copolymer composition on the width of-
isotropization and transitions are all suggesting that these changes in the heat capacity are most probably
associated with two glass transition temperatures. One glass transition temperature was assigned to the
independent motion of the polymer backbone and the other to the cooperative (but independent from the
polymer backbone) motion of the side groups. Therefore, these copolymers should exhibit an intramolecular
microphase-separated morphology. Extrapolation of these two glass transition temperatures suggests that
the poly(methylsiloxane) containing mesogenic side groups may also exhibit two glass transition temperatures.

Introduction

Recently we critically reviewed the molecular engi-
neering of thermotropic side-chain liquid crystalline
polymers and outlined some of the major problems of
synthetic interest which require additional research.!

One of the principal problems which deserves additional
res2e3arch is the spacer concept introduced by Ringsdorf et
al.%

This simple and invaluable structural concept led to the
development of the entire field of side chain liquid crys-
talline polymers. However, the spacer concept provides
only a partial decoupling of the motions of the side groups
from that of the backbone in the liquid crystalline phase.*®
Below the glass transition temperature, the motion of the
side groups is frozen. This is a very important result based
on which many applications of side-chain liquid crystalline
polymers are presently considered.

*Part 6 in this series: ref 64.

0024-9297/89/2222-1588801.50/0

Recently, by analogy with the behavior of block and
graft copolymers, we have proposed that highly or even
completely decoupled side-chain liquid crystalline poly-
mers would be realized for systems in which the side groups
and the polymer backbone are highly immiscible.”*? In
such systems, for a proper weight ratio between the
polymer backbone and its side groups, an intramolecular
microphase separation of the side groups from the polymer
backbone is realizable and has been observed both by our
group”12 and by Ringsdorf’s group.!®!* It is expected that
for a suitable ratio between the domain sizes of the poly-
mer backbone and the side groups, almost independent
motion of the two sybsystems would be achievable. We
have observed for a series of systems two changes in heat
capacity on the DSC curves and suggested that they are
due to the independent motion of the polymer backbone
and the cooperative (but independent from the polymer
backbone) motion of the side groups. Without any ad-
ditional support, we have assigned these two changes in
the heat capacity to the glass transition temperatures

© 1989 American Chemical Society
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associated with these two motions.” 2 However, these two
changes in the heat capacity can also be associated with
at least two other possible phenomena. Before further
discussion of these two possibilities, let us mention that
all side-chain liquid crystalline polymers exhibiting two
changes in their heat capacity are copolysiloxanes™* and
that they contain dimethylsiloxane structural units and
siloxane structural units which are substituted with methyl
and mesogenic side groups, respectively.

Certainly, the first alternative is that the two changes
in the heat capacity are indeed due to the two glass tran-
sition témperatures but that these two glass transitions are
the result of a microphase-separated block-copolymer type
microstructure of the liquid crystalline copolysiloxane as
suggested by Ringsdorf and Schneller.!5!¢ In this case the
two glass transition temperatures would be associated with
the poly(dimethylsiloxane) segment and the polysiloxane
segment containing mesogenic groups, respectively. The
second alternative is that one of the two changes in the
heat capacity is due to a glass transition while the other
is due to a $-relaxation process.!’

These are very important issues, since these two possible
alternative explanations prevent the establishment of the
basic concept supporting a highly decoupled side-chain
liquid crystalline system.

In an intramolecular microphase-separated system as
previously suggested,”!? the motion of each subsystem
would have to be controlled by its own glass transition
temperature and therefore the behavior of a system like
this differs from that of the partially decoupled systems.
Therefore, such a system is of both theoretical and prac-
tical interest. However, since the design of such a polymer
requires additional knowledge concerning the control of
the polymer morphology, we must first try to elucidate the
relationship between the two changes in the heat capacity
and the three possible origins of these changes. In order
to contribute to the interpretation of this issue, we have
synthesized several series of homopolysiloxanes and co-
polysiloxanes with different molecular weights and con-
taining 2-[4-(2(S)-methyl-1-butoxy)phenyl]-5-(11-unde-
can-1-yl)-1,3,2-dioxaborinane as side groups. The goal of
this paper is to present the synthesis of these polymers and
to discuss their phase behavior in relation to these three
alternatives.

Experimental Section

A. Materials. (-)-2(S)-Methyl-1-butanol, {a]p — 7.3°, was
obtained from Fluka and was used as received. Dicyclopentadienyl
platinum (II) chloride catalyst used in the hydrosilation reaction
was prepared according to a literature procedure.'® Toluene used
in the hydrosilation reaction was first refluxed over sodium and
then distilled under argon. Trifluoromethanesulfonic acid
(CF,SO3H, Aldrich) was freshly distilled prior to use. 1,3,5,7-
Octamethylcyclotetrasiloxane (D,), 1,3,5,7-tetramethylcyclo-
tetrasiloxane (D), dimethyldisiloxane, and hexamethyldisiloxane
(MM) (all from Petrarch Systems) were distilled from CaH,.
Several commercial samples of poly(dimethylsiloxane)s (Petrarch
Systems) with degrees of polymerization of 7, 43, 54, and 56 were
used as received.

B. Techniques. 'H NMR (200 MHz) spectra were recorded
on a Varian XL-200 spectrometer. All spectra were recorded in
CDCl; solution with TMS as internal standard, unless noted. A
Perkin-Elmer DSC-4 differential scanning calorimeter, equipped
with a TADS 3600 data station, was used to determine the thermal
transitions which were reported as the maxima and minima of
their endothermic or exothermic peaks, respectively. In all cases,
heating and cooling rates were 20 °C/min, unless otherwise
specified. Glass transition temperatures (T,) were read at the
middle of the change in the heat capacity. Afl the heating scans
produced identical DSC traces and similar results. However,
transitions reported were read during the second or third heating
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Scheme I
Synthesis of
2-[4-(2(S')-Methyl-1-butoxy)phenyl]-5-(10-undecen-1-yl)-
1,3,2-dioxaborinane
§O00C2Ms ¢ oy
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and cooling scans unless reported otherwise. A Carl-Zeiss optical
polarized microscope (magnification: 100X) equipped with a
Mettler FP 82 hot stage and a Mettler FP 800 central processor
was used to observe the thermal transitions and to analyze the
anisotropic textures.!®?® Molecular weights were determined by
gel permeation chromatography (GPC) with a Perkin-Elmer Series
10 LC instrument equipped with LC-100 column oven, L.C-600
autosampler, and Sigma 15 data station. High-pressure liquid
chromatography (HPLC) determinations were performed with
the same instrument. The measurements were made by using
a UV detector, THF as solvent (1 mL/min; 40 °C), a set of
Polymer Lab gel columns of 102, 5 X 102, 108, 104, and 10° A, and
a calibration plot constructed with polystyrene standards.
Number-average molecular weights of the poly(methylsiloxane-
co-dimethylsiloxane)s were also determined by *H NMR spec-
troscopy. Optical rotations were measured at 25 °C on a Per-
kin-Elmer 241 polarimeter with absolute methanol or chloroform
as solvent. Dynamic mechanical thermal analyses were performed
on a dynamic mechanical thermal analyzer (DMTA II, Polymer
Laboratories) instrument, in the shear mode within the range of
frequencies 0.3-200 Hz. Sample thickness was 0.33 mm. The
temperature scanning rate was 4 °C/min. Samples were scanned
from 140 to 40 °C for each individual frequency. The complex
modulus (G*) was plotted versus temperature, and T,’s were
determined as the midpoint of each change in G*.

C. Synthesis of Monomers. Synthesis of 2-[4-(2(S)-
Methyl-1-butoxy)phenyl]-5-(10-undecen-1-yl)-1,3,2-dioxa-
borinane. This synthesis is described in Scheme I and is based
on a procedure described previously.!® The only modification in
the present case consists in the use of (p-[2(S)-methyl-1-but-
oxylphenyl)lithium instead of (p-[2(S)-methyl-1-butoxy]-
phenyl)magnesium bromide in the preparation of p-[2(S)-
methyl-1-butoxy]phenyl)boronic acid. This novel procedure is
described below.

Synthesis of (p-[2(S)-Methyl-1-butoxy]phenyl)boronic
Acid. Into a dry ice—acetone bath cooled solution of p-[2(S)-
methyl-1-butoxy]phenyl bromide!® (50 g, 0.21 mol) in 200 mL of
dried diethyl] ether was injected 22.7 mL of butyllithium (10 M
solution in hexane) under nitrogen. The stirred solution was
allowed to slowly warm to room temperature and then the reaction
was allowed to continue for 2 h. After this time the solution was
once again cooled with a dry ice—acetone bath. Tri-n-butyl borate!®
(63 g, 0.27 mol) was then added dropwise. A large amount of white
precipitate formed, and the resulting slurry was allowed to warm
to room temperature after which it was left stirring overnight.
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Table I
Synthesis and Characterization of Poly(methylsiloxane)s and Poly(methylsiloxane-co-dimethylsiloxane)s

compositns and molecular weights determined after
hydrosilatn

mol % mesogenic
structural units

D/, D,, MM, M, DP M,
mmol mmol mmol (theoretical)® (NMR) theoretical® NMR theoretical® GPC
b 580 7% 100 100 3200 8900
8.33 8.33 400 14 100 100 1850 6500
8.33 4.17 650 22 100 100 3840 9500
20.83 6.94 880 27 100 100 5780 9800
b 1500 43 100 100 11500 16400
b 2270 54 100 100 17400 21100
b 3900 56 100 100 29900 29900
20.83 0.10 50150 92 100 100 383400 43700
80.00 3.21 6140 100 100 45900 25500
13.73 54.9 2.70 7240 20 23.3 15540 26 800
23.92 48.41 2.90 7080 33 38.0 20300 21400
23.75 48.18 10.02 2150 33 31.4 5950 9400
11.88 24,16 1.0 10170 33 35.3 29170 35700
17.84 36.18 1.0 15150 33 35.5 43700 27 800
17.84 36.22 0.5 30170 33 34.1 87230 47000
36.42 36.42 2.9 6900 50 56.0 27000 25900
57.58 19.19 3.08 6500 75 82.0 36400 22 800

%Based on the ratio between D, (and D,) and MM without taking into account the formation of cycles. ® Commercial samples.

Scheme II
Synthesis of Poly(methylsiloxane)s and
Poly(methylsiloxane-co-dimethylsiloxane)s

(CH3) 3 SIOSICHZIz + X810 + Y50
H

4 4
MM , ¢H3
D4 D4
9
lchﬁoH
O3 CH3
(CH3)3 5104510}y, 45101 SHCH3)3
H CH3

The reaction mixture was then acidified with dilute HCl. The
ether layer was separated, and the ether was removed in a ro-
tovapor. Approximately 100 mL of H,O was then added to the
residue, and the mixture was placed on a rotovapor at 50 °C to
azeotropically remove the 1-butanol formed in the reaction. After
all of the butanol was removed, the resulting solid was recrys-
tallized from water/methanol to yield 34 g (79.2%) of white
crystals: mp 125-127 °C; 'H NMR (CDCl;, TMS, 4, ppm)) 1.1
(m, 6 H, CHy-), 1.2-1.7 (m, 2 H,-CH,CH-), 1.6 (s, 2 H, B(3H),),
1.9 (m,1 H,-CH-), 3.9 (m, 2 H, -CH,0-), 7.1 and 8.2 (2d, 4 H,
ArH).

D. Synthesis of Polymers. Synthesis of Poly(methyl-
siloxane)s and Poly(methylsiloxane-co-dimethylsiloxane)s.
Scheme II illustrates the synthesis of poly(methylsiloxane)s and
poly(methylsiloxane-co-dimethylsiloxane)s. Poly(methylsiloxane)s
were synthesized by the cationic polymerization of 1,3,5,7-
tetramethylcyclotetrasiloxane (Dy). Poly(methylsiloxane-co-
dimethylsiloxane)s were synthesized by the cationic co-
polymerization of 1,3,5,7-tetramethylcyclotetrasiloxane (D) with
1,3,5,7-octamethylcyclotetrasiloxane (D,). The molecular weight
of the polymers was controlled in both cases by using the proper
amount of hexamethyldisiloxane (MM) as a chain terminator.
Polymerizations were performed in bulk at room temperature by
using trifluoromethanesulfonic acid as initiator. Reaction time
was 24 h in all cases. We can safely assume that after 24 h of
reaction time our polymerization systems have reached equilib-
rium, since the kinetics of equilibration of D, and MM derivatives
in the presence of triflic acid has been shown to result in equi-
librium within a maximum of 12 h of reaction time.?* An example
of polymerization is discussed below.

Into a flame-dried flask fitted with magnetic stirrer and nitrogen
inlet~outlet purge system was placed 4.28 g (18 mmol) of Dy, 0.162
g (1 mmol) of MM, and 37 mg of trifluoromethanesulfonic acid.

B8 C B O~ | A
Grz CHz CH3 |
(CHz)3510$:04510-510SICH)3
ROROR o —
D E D
L—B 8
: j k\_
05 R '
D

5 7 4 ' 3 ' Y L

Figure 1. 200-MHz 'H NMR spectrum (CDCl,;, TMS) of poly-
{methylsiloxane) with DP-7.

The reaction mixture was stirred under nitrogen for 24 h at room
temperature. After this time, 70 mg of sodium bicarbonate was
added to the reaction mixture to neutralize the initiator, and the
reaction mixture was stirred for 1 h. The mixture was then taken
up in toluene, filtered, and dried over anhydrous MgSO,. The
solution was filtered, and toluene was removed under vacuum.
Cyclic compounds were distilled from the resulting polymer under
vacuum at 150 °C. Number-average degrees of polymerization
of the poly(methylsiloxane)s were determined by 200-MHz 'H
NMR spectroscopy. A typical 'H NMR spectrum together with
its proton assignments is presented in Figure 1. The following
relation was used for the calculation of the polymerization degree:
DP = [(C + B)/3]/(A/18), where A, B, and C are the integrals
corresponding to the A, B, and C resonances from Figure 1. Table
I summarizes the reaction conditions and the characterization
of the poly(methylsiloxane)s and poly(methylsiloxane-co-di-
methylsiloxane)s.

Synthesis of Polysiloxanes and Copolysiloxanes Con-
taining Mesogenic Side Groups. Both homopolymers and
copolymers were synthesized by the hydrosilation of 2-[4-(2-
(S)-methyl-1-butoxy)phenyl]-5-(10-undecen-1-yl)-1,3,2-dioxa-
borinane using dicyclopentadienylplatinum(II) chloride as catalyst
in toluene. A detailed procedure for a complete hydrosilation free
of side reactions was previously reported!? and was followed
without modification. The purity of the resulting polymers was
checked by HPLC. All were purified until they were free of
starting materials. Their molecular weights were determined by
GPC. The final composition of the copolymers was determined
by 200-MHz !H NMR spectroscopy. A representative 'H NMR
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Figure 2. 200-MHz 'H NMR spectrum (CDCl;, TMS) of the
copolysiloxane containing 23.3 mol % structural units with me-
sogenic groups and M, = 26 800.

spectrum together with its protonic assignments is presented in
Figure 2. The following equation was used to calculate copolymer
composition: mole % of structural units containing mesogenic
side groups =

(B/2)/([A-3(B/2)}/6 + B/2)

Table I summarizes the composition of copolymers as determined
after hydrosilation.

Results and Discussion

Some Considerations of the Possible Sequence
Distribution in Poly(methylsiloxane-co-dimethyl-
siloxanes)s. The mechanism of cationic ring-opening
polymerization of D, initiated by trifluoromethanesulfonic
acid was investigated by two research groups.?*2¢ It has
been demonstrated by both groups that there are two
different mechanisms which are simultaneously operating
and which generate linear polymers and/or cyclic oligom-
ers.

Sigwalt et al.?22 suggested that cationic ring opening
polymerization of D, takes place through tertiary oxonium
ions. This propagation reaction is accompanied by back-
biting which gives rise to cyclic compounds. Termination
provides a,w-bis(silyl triflate) poly(dimethylsiloxane)s.
This derivative cannot undergo homopolycondensation.
Hydrolysis of one of the silyl triflate groups gives a-sila-
nol-w-(silyl triflate) poly(dimethylsiloxane)s. Simuitane-
ously, acidolysis of D, leads to Tf—(SiMe,~0),~H. This last
derivative as well as the higher homologues of a-silanol-
w-(silyl triflate) poly(dimethylsiloxane)s undergo poly-
condensation, leading through an intramolecular end to
end ring closure reaction to macrocycles and through an
intermolecular reaction to high polymers. It is essential
to mention that in the cationic polymerization of Dy, cyclic
compounds containing multiples of D, units (D,,) are not
kinetically favored, even at the beginning of the reaction.
Therefore, according to this reaction mechanism, both the
cyclic compounds and the linear polymers obtained under
reaction conditions dictated by polymerization kinetics do
not predominately contain multiples of D, units.

Chojnowski’s et al.?* kinetic scheme is similar to that
suggested by Sigwalt’s group. However, they suggest that
cationic ring-opening polymerization occurs through pri-
mary oxonium ions. This implies that ring formation takes
place only by intramolecular end to end condensation
processes. The continuous population of cyclic oligomers,
which, in principle, is a feature of a back-biting mechanism
of cyclization, is explained in this second case by the si-
loxane unit exchange between different polymer chains:%#2%
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HO(SiMe,), H + HO(SiMe,0),,H =
HO(SiMe;0),-,H + HO(SiMe,0),,.;H

Therefore, this second mechanism suggests that the mi-
crostructure of the kinetically obtained poly(dimethyl-
siloxane) is similar to the one which resulted from Sigwalt’s
mechanism.

However, as described in the Experimental Section, our
polysiloxanes and copolysiloxanes were prepared under
equilibrium reaction conditions, i.e., where the comonomer
sequence distribution dictated by the kinetics of polym-
erization is lost. The equilibrium composition of linear
siloxanes was determined by Scott?® and confirmed by
other authors? to agree with Flory’s theory of random
reorganization. The kinetically controlled composition of
linear oligomers in the cationic equilibration of D, with
MM was studied by Carmichael and Heffel. 2 They
observed that in the first stages of the reaction some excess
of MD,M and MDgM oligomers are formed. This led them
to conclude that if D, is cleaved by the acid catalyst, it
enters the linear molecule as a unit. However, this excess
of MDM and MDgM disappears in the course of the re-
distribution.

The reactivity of D, should not be too different from the
reactivity of D,/. We see no reason for a change in the ring
strain or the nucleophilicity of cyclic siloxane in going from
D, to D,/. Therefore, even the kinetically controlled se-
quence distribution of poly(methylsiloxane-co-dimethyl-
siloxane)s should be random. By random we mean not
only a random distribution of D, and Dy structural units,
but a random distribution of D, and D,’ structural units
(n=1,2,..). At equilibrium, the sequence distribution
should be as predicted by Flory’s theory of random re-
organization of linear species.?®

For the case of copolymers obtained from D; and D, we
would expect a different sequence distribution than in the
present case. Due to its higher ring strain and nucleo-
philicity D is more reactive than D or D, and therefore
at least the kinetically controlled sequence distribution
should contain multiples of Dy units, i.e., Dg,. It is well
documented that the microstructure of linear and mac-
rocyclic poly(dimethylsiloxane)s obtained by cationic po-
lymerization of D; contains multiples of Dy units.®

In conclusion, we can safely assume that the sequence
distribution of D and D’ units of the poly(methyl-
siloxane-co-dimethylsiloxane)s prepared under equilibrium
conditions is random. However, we cannot automatically
assume that this is the case for commercially available
samples which are of an unknown synthetic origin.

The random sequence distribution of D and D’ units in
poly(methylsiloxane-co-dimethylsiloxane)s does not sup-
port the idea that the two changes in the heat capacity of
the DSC curves of liquid crystalline copolysiloxanes are
due to two glass transitions associated with a block co-
polymer type microstructure of the liquid crystalline co-
polysiloxanes.

Evidence for Two Glass Transition Processes in
Copolymers. As previously discussed!® copolymers con-
taining about 50 wt % mesogenic units display two re-
laxation processes resulting in a stepwise increase of the
specific heat capacity which can be observed on the DSC
trace from Figure 3. The magnitude of these two stepwise
variations of AC, is of the same order as the one observed
for the case of tf\e glass relaxation of flexible chain mol-
ecules. This strongly suggests that both relaxation pro-
cesses are primary relaxation processes, i.e., are due to
relaxation processes involving the freezing of cooperative
motions. We have assigned the relaxation process occuring
at low temperature to the glass transition temperature of
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Table 11
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Thermal Transitions and Thermodynamic Parameters for Polysiloxanes Containing
2-[4-(2(S)-Methyl-1-butoxy)phenyl]-5-(11-undecan-1-yl)-1,3,2-dioxaborinane Side Groups and Varying Degrees of

Polymerization

P B phase transitions (°C) and corresponding enthalpy changes (kcal/mru?)

(NMR) (Gwéc)n heating cooling
7 1.17 g -5 s 10 0.12)® s 72 (1.9) i i 64 (1.9) S 6 (0.10) 8
15 1.14 g 9 ) 25 (0.16) 8 93 2.1 i i 85 (2.0) s 20 (0.15) s
22 1.17 g 10 3 24 (0.15) 8 98 2.0) i i 87 (2.0) s 16 (0.13) s
27 1.45 g 10 s 21 0.11) S 95 (1.8) i i 85 (1.8) S 13 (0.10) S
43 1.60 g 10 S 21 (0.10) 8 99 (1.9) i i 90 (1.8) S 15 (0.09) s
54 1.63 g 10 s 21 (0.08) s 98 (1.6) i i 87 (1.5) 8 16 (0.09) s
56 1.81 g 10 s 21 (0.13) s 98 1.8) i i 90 (1.7) S 14 (0.10) s
92 1.72 g 10 S 24 0.11) 8 104 (1.8) i i 94 (1.7 S 17 (0.12) s

¢mru = mole repeat unit. °Values in parentheses are enthalpy changes in kcal/mru.
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Figure 3. DMTA and DSC traces for the copolysiloxane con-
taining 23.3 mol % structural units with mesogenic groups and
M, = 26800.

the microphase-separated polymer backbone. The relax-
ation process at high temperature was assigned to a glass
transition associated with the cooperative (but independ-
ent from the polymer backbone) motion of the side groups.

Discrimination between primary (cooperative) and sec-
ondary relaxation processes (characterized by local mot-
jons) can be made by investigating the dependence of the
frequency of these motions on temperature. This can be
done by using the WLF equation and/or by determining
the activation energy of the relaxation process.?:"%, Sec-
ondary (8) relaxation processes usually display constant
activation energy over a considerable temperature range,
whereas the primary or glass process (a) displays an ef-
fective activation energy which increases drastically as the
static glass transition temperature is approached. A sec-
ondary process is thus characterized by a straight line on
the activation diagram, i.e., in a plot of the logarithm of
the frequency versus the inverse temperature, whereas the
glass transition process yields a line which strongly
bends.31:34

Figure 3 presents a representative DSC curve and a
G*-T (°C) plot resulting from DMTA measurements of
a copolymer which has 22.3% structural units containing
mesogenic groups. Due to the difference between the
frequencies of the DSC and DMTA experiments, the
temperature at which the two sets of relaxation processes
occur is slightly shifted. However, both experiments
provide clear evidence for two relaxation processes. Figure
4 displays the plots of In w versus 1/7. Both plots suggest
8 relaxation processes since their In w versus 1/7T depen-

Abbreviations: g, glassay; s, smectic; 1, isotropic.
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Figure 4. In w versus 1/T (K™) plots for copolysiloxane con-
taining 23.3 mol % structural units with mesogenic groups and
M, = 26800: @, relaxation process at low temperature (T); O,
relaxation process at high temperature (T,).

dences are linear. However, even a cooperative relaxation
process can exhibit such a linear dependence for the
narrow ranges of frequencies used in the experiment de-
scribed here. 347

The temperature dependence of the relaxation frequency
for the case of a secondary relaxation can be expressed as
follows:34% « = wy exp(-Ez/kT). The determination of
the activation energy assuming 8 relaxation processes for
the plots in Figure 4 lead to E, = 207.8 kcal/mol for the
relaxation process at low temperature and E, = 78.5
kcal/mol for the relaxation process at high temperature.
These activation energy values are higher than expected
for B relaxation transitions and are within the values ex-
pected for the activation energies of glass transition tem-
peratures.?’%” Therefore, dynamic mechanical thermal
analysis results strongly support the conclusion that both
changes in the heat capacity of the DSC curves are due
to glass transition temperatures.

Influence of Molecular Weight on the Phase Be-
havior of Homopolymers. The influence of molecular
weight on the phase beahvior of liquid crystalline polymers
was recently reviewed.! We will briefly consider a few
results from the literature of liquid crystalline polymers
containing flexible spacers.

Regardless of the nature of the polymer backbone, liquid
crystalline transition temperatures increase up to a certain
molecular weight and then remain roughly constant in-
dependent of molecular weight.?®*! In the case of liquid
crystalline polysiloxanes, phase transitions become inde-
pendent of molecular weight for degrees of polymerization
higher than 10.% It has been suggested that the increased
phase transition temperature is due to the increased
packing density of the mesogenic side groups of the higher
molecular weight polymer.#® Table II summarizes the
phase transition temperatures for the liquid crystalline
polysiloxanes of different degrees of polymerization. All
polymers and copolymers discussed in this paper display
two smectic mesophases.! However, the nature of these



Macromolecules, Vol. 22, No. 4, 1989

(CHaN~ SICH3
CoMs: HC CH2 o@a—zg

ENDQ ==ty

=30 -10 o 30_,% 70 90 IO
T°C)

Figure 5. Normalized DSC heating scans (20 °C/min) for some
representative liquid crystalline polysiloxanes with different
degrees of polymerization.

mesophases is not important to the present discussion.
Figure 5 presents some representative heating DSC curves
for this series of polymers, while Figure 6 presents the
cooling curves for the same polymers. Both smectic-
smectic and smectic-isotropic phase transitions summa-
rized in Table II are plotted as a function of degrees of
polymerization in Figure 7. These results agree with the
data obtained by Finkelmann et al.® That is, phase
transition temperatures increase up to degrees of polym-
erization of about 15 after which they are molecular weight
independent. This degree of polymerization corresponds
to a M, (as determined by GPC measurements) of 6500.
Therefore, it is safe to assume that number-average mo-
lecular weights larger than 6500 will not have a significant
influence on the polymer phase transitions under consid-
eration.

Two very important points are missing from previous
experiments concerning the influence of molecular weight
on phase transitions.?®# The first one refers to the de-
pendence of the enthalpy change associated with the liquid
crystalline transition on polymer molecular weight.
Finkelmann et al. unpublished data have shown that
within the experimental error of the DSC measurements,
the enthalpy change is independent of polymer molecular
weight.42 Our results from Table II seem to support the
idea that enthalpy changes are molecular weight inde-
pendent. Experimental results from our laboratory carried
out with liquid crystalline polymers containing different
polymer backbones also agree with Finkelmann’s results.*

The second point missing from previous publications on
this topic®®#° refers to the shape of the DSC peak asso-
ciated with liquid crystalline phase transitions. This
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Figure 6. Normalized DSC cooling scans (20 °C/min) for some
representative liquid crystalline polysiloxanes with different
degrees of polymerization.
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Figure 7. Dependence of Ty, and T, ; versus polymerization
degree for liquid crystalline polysiloxanes. Data from Table II.

subject has been discussed by Blumstein for the case of
thermotropic main-chain polymers containing flexible
spacers. In contrast to low molar mass liquid crystals
which are composed of single molecular species, liquid
crystalline polymers and oligomers are characterized by
a variety of molecular species due to the polydispersity of
molecular mass, composition (for the case of copolymers),
chain end concentration, etc. This results in the appear-
ance of a liquid crystalline-isotropic or liquid crystal-
line-liquid crystalline biphase, the width of which depends
on the average molecular mass and the global polydis-
persity of the sample. The sharp transition points from
low molar mass liquid crystals are replaced in polymers
by averaged values. The width of this biphase has never



1594 Percec and Hahn

EO-F
504 °
Peak
width 401
LT ®
o
O 30
204
104
8] 7 T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
BP (NMR)

Figure 8. Width of the isotropic-smectic transition as a function
of liquid crystalline polysiloxane molecular weight.

been considered for side-chain liquid crystalline polymers.
The simplest way to characterize this biphase is by de-
termining the width of the endothermic (from the heating
scan) or exothermic (from the cooling scan) DSC peaks
associated with the phase transition.*? For the case of
main-chain liquid crystalline polymers, it has been dem-
onstrated that the width of the nematic-isotropic biphase
is inversely proportional to the decrease of the polymer
molecular weight.*?

A short inspection of the DSC traces presented in Fig-
ures 5 and 6 shows that an identical trend appears for
side-chain liquid crystalline polysiloxanes. The width of
the smectic—isotropic (Figure 5) or isotropic—smectic
(Figure 6) phase transition is much wider for lower mo-
lecular weight polymers. The peak widths determined
from the cooling scans of the DSC curves from Figure 6
are plotted in Figure 8 as a function of the degree of po-
lymerization. We can propose several possible explanations
for this behavior. For polymer samples having the same
molecular weight polydispersities, the width of this tran-
sition should be larger at low molecular weights than at
high molecular weights. This statement can be understood
if we consider again the plots from Figure 7. This figure
can easily demonstrate that for low molecular weight
polymers, the difference between the T, of two different
molecular weights which are present within the same
polymer sample is wider than for two polymers with high
molecular weights. This is because this transition is
strongly molecular weight dependent within the range of
low molecular weights, while it is almost molecular weight
independent for higher molecular weight ranges. There-
fore, the difference between the T for two low molecular
weight polymers should be larger than the difference be-
tween T, ; of two higher molecular weight polymers.
However, due to the same molecular weight effect we
would expect to see no difference between the width of the
smectic—isotropic transitions above the range of molecular
weights where phase transitions are molecular weight in-
dependent. As Figure 8 shows, this is not the case. There
is a continuous decrease in the width of this phase tran-
sition even for the range of molecular weights where the
temperature of this transition is only slightly molecular
weight dependent. A possible cause of this trend is due
to the polymer polydispersity. However, as we see from
Table II, for the range of low molecular weights, polydis-
persities are very narrow, while for higher molecular weight
polymers there is an inversion in the trend of polydis-
persity. This inversion is not followed by the trend in the
width of the isotropic transition temperature (Figure 8).
Low molecular weight polymer samples have very narrow
polydispersities in comparison with higher molecular
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Scheme II1
Synthesis of Liquid Crystalline Polysiloxanes and
Copolysiloxanes
CHz  CH3 Prea. GH3 CH3
Msssio-(g-O),—(S:i-O),—SiMas + WOH=CH-R —=% MeSIO~(SI-0)(51-01;S M3
H CH3 ¢H2 CH3
GHe

B
CHz)g'

OHa S

R CoeHb-Cr-0-(O)-

weight polymer samples (Table II). This means that the
explanation correlating the width of the phase transition
based upon the dependence of the phase transition on
molecular weight cannot alone explain this behavior.

The influence of polymer chain ends on phase transi-
tions also has to be considered. All these polymers contain
two trimethylsiloxy chain ends (Scheme III). These chain
ends can drastically affect the phase behavior of the
polymer if they are miscible or partially miscible with the
mesogenic structural units. Consider the lowest molecular
weight polymer sample, which has a degree of polymeri-
zation of 7 (Table II). If the chain ends are considered as
structural units in a “copolymeric” architecture which
contains both mesogenic and nonmesogenic (the chain
ends) units, then the lowest molecular weight copolymer
contains 22.2 mol % of nonmesogenic units derived from
these two chain ends. The mol % concentration of these
chain ends decreases according to the degrees of polym-
erization from Table II, to 8.3, 6.9, 4.4, 3.6, 3.4, and reaches
2.1 for the polymer with a polymerization degree of 92.
Certainly, a larger difference in concentration of structural
units derived from chain ends is found for the samples with
degrees of polymerization of 7 and 15. Therefore, we would
expect these two samples to show the largest difference
in peak widths. This expectation does not correspond
completely with the data from Figure 8.

We have observed the same trend in the peak width
dependence versus polymer molecular weight for a series
of liquid crystalline polymethacrylates which were syn-
thesized by group transfer polymerization.#! The influence
of the polymer chain ends in this case, although large, is
expected to be almost undetectable because of the nature
of the polymer chain ends resulting from the group transfer
polymerization technique.

Two model compounds were considered of possible help
in elucidating this problem. The first one is a 1,3,5,7-
tetramethylcyclotetrasiloxane containing mesogenic side
groups.!! The peak width of its isotropic-liquid crystalline
transition is 16.7 °C, which is much narrower than of the
linear heptamer. The cyclic compound (a mixture of four
stereoisomers with identical molecular weights) does not
contain trimethylsiloxy chain ends, and this together with
the monodisperse nature of this sample can be the reason
for the difference between the peak width of these samples.
However, we should not neglect the difference between the
restricted conformation of the crowned cyclic tetramer and
the random coil conformation of the linear compounds.
The second model prepared is a tetramethyldisiloxane
containing two mesogenic units and no trimethylsiloxy
chain ends (R-Si(CHj),~0-Si(CHj3),-R) where R is the
mesogenic side group. The isotropization transition for
this dimer occurs at 49 °C on the heating scan and at 43
°C on the cooling scan. The peak width of this transition
on the cooling scan is 34 °C. This width is narrower than
of the heptamer but is larger than the peak width of the
cyclic tetramer and is within the same range with values
for the next two molecular weight homopolymers. Since



Macromolecules, Vol. 22, No. 4, 1989

Liquid Crystalline Polymers 1595

Table III
Thermal Transitions and Thermodynamic Parameters for Copolysiloxanes Containing ‘
2-[4-(2(S)-Methyl-1-butoxy)phenyl]-5-(11-undecan-1-yl)-1,3,2-dioxaborinane Side Groups and Varying Composition

structural units
containing side

l :roups - GPC phase transitions (°C) and corresponding enthalpy changes (kcal/mrmu?)

mol% wt% ___ J~ ; :

(NMR) (NMR) M, M,/M, heating cooling ,
23.3 65 26 800 2.95 g -98 g, -8 s -7 (016)® s 387 (13) i i 31 (1.3 s -14 (0.12) s
38.0 79 21400 2.02 gt 81 g -8 s 6 (022) s 47 (1.3) i i 41 (12 s -13 (0.21) s
56.0 89 25900 217 g, —-66 g 5 s 023) s 7 (18 i i 67 (1.8) s 2 (019 s
82.0 97 22800 1.49 g 8 s 024) s 92 (20) i i 8 (20) s 13 (0.26) s

100.0 100 25500 2.10 g 8 s 013) s 9 (18 i i 8 (1.7 s 13 (012) s

“mrmu = mole repeat mesogenic units. °Values in parentheses are enthalpy changes in kcal/mrmu. Abbreviations: g, go, glassy; s,

smectic; i, isotropic.

this dimer has no trimethylsiloxy chain ends and is mon-
odisperse, we would expect it to dissplay a narrower peak
width than even the high molecular weight polymers. It
seems that the results from studies of these two model
compounds are not conclusive enough to evaluate this
problem. Additional model compounds would be needed
to solve this problem. At the present time, we suggest that
the concentration of the polymer chain ends is not suf-
ficient to explain this trend in the peak width-molecular
weight dependence. The last possible explanation we can
propose at the present time is that in addition to the
miscibility of the polymer chain ends, the miscibility of
the polymer backbone and the polymer side groups also
influence this peak width. Lower molecular weight poly-
siloxane segments are much more miscible with glassy
oligomers than with higher molecular weight homo-
logues,** and the same should be true for their miscibility
with liquid crystal oligomers. However, with only the data
from experiments described in this subsection we cannot
argue more on this statement.

As we can observe from Table II, all homopolymers
exhibit a single glass transition temperature. This glass
transition temperature is independent of molecular weight
for polymers with degrees of polymerization higher than

Influence of Copolymer Composition on the Phase
Behavior of Copolymers. A series of copolysiloxanes
with molecular weights higher than the molecular weight
which influences phase transitions but with different
compositions was synthesized (Table III). We tried as
much as possible to obtain copolymers exhibiting the same
molecular weight. As we can observe from the data col-
lected in Table III, all these copolymers exhibit two glass
transition temperatures. Since the sequence distribution
of the dimethylsiloxane and methylsiloxane containing
mesogenic structural units is random, the only explanation
we can support at the present time is that the low glass
transition temperature is indeed due to the independent
motion of the microphase separated main chain, while the
high glass transition temperature is due to the independent
(from the polymer backbone) but cooperative motion of
the side groups.

Recently, Ringsdorf et al.!3'447 have demonstrated a
similar morphology in side-chain liquid crystalline co-
polysiloxanes containing paired mesogens. On the basis
of X-ray diffraction experiments, they have suggested a
microphase separated model which consists of two sub-
layers. One layer contains the irregularly arranged main
chain, while the other one is formed by the side chains.1347
A microphase-separated system like the copolysiloxane
containing paired mesogens as side groups is characterized
by a low dependence of phase transitions versus copolymer
composition. Simultaneously, a nonmicrophase separated

Mesogenic units, mole % (A, A)

0 10 20 30 40 50 60 70 80 80 100
50 4 i i L A Il L 1 —
Tg
(°¢) -50+4
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-100
z
-1501
—200 T T T T T T T T T
0 10 20 30 40 50 60 70 80 8¢ 100

Mesogenic unit, wt. % (O, @)

Figure 9. The dependence of the two glass transition témper-
atures of copolysiloxanes as a function of concentration of me-
sogenic structural units in copolysiloxanes.

liquid crystalline copolymer shows a very sharp depen-
dence of phase transitions versus composition.* This is a
expected behavior for an intramolecularly microphase
separated system, for example, a graft copolymer. Al-
though the weight ratio of the two subsystems drastically
affects the polymer morphology, the physical parameters
of each subsystem are affected mostly at the two extremes
in copolymer composition. However, in a single phase graft
copolymer, physical parameters are weight averaged values
of those of the individual systems and therefore undergo
continuous change. It is therefore of interest to observe
the relationship between phase transitions and copolymer
composition for our case.

Figure 9 presents the dependence of the two glass
transition temperatures on the mole percent and respec-
tively weight percent of structural units containing me-
sogenic units. There is a very small dependence of T,
versus copolymer composition independent. of the mode
in which these data are plotted. However, for the case of
the liquid crystalline homopolymers, and copolymers
containing less than 10 mol % or wt % dimethylsiloxane
structural units, we can detect only the high glass tran-
sition temperature on the DSC curves. We have to care-
fully examine the dependence of the high-temperature
glass transition on copolymer composition, especially, for
the range of mole percent composition approaching the
liquid crystalline homopolymer. From 50 to 100 mol %
structural units containing mesogenic groups, this T, is
composition independent. This result can suggest that the
glass transition temperature of the homopolymer might
correspond to the glass transition of the side groups.
Additional work to confirm this extrapolation is required
and is in progress in our laboratory.
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Figure 10. Normalized DSC heating scans (20 °C/min) for liquid
crystalline copolysiloxanes with different composition.

Figures 10 and 11 present some representative DSC
curves for these copolymers. It is of interest to follow not
only the trend in the thermal transition temperatures but
also the shape of these peaks as well as the enthalpy change
associated with these transitions. The trend in liquid
crystalline transition temperature—copolymer composition
is illustrated in Figure 12. The decrease in thermal
transition temperatures obtained by diluting the mesogenic
units with nonmesogenic units resembles the trend ob-
servéd by microphase separated copolysiloxanes containing
paired mesogens,* assuming that corrections for the dif-
ference between the weight of paired and single mesogens
are considered. At the same time, the width of the
smectic—isotropic or isotropic—smectic transition depen-
dence is strongly composition dependent. In this case, the
width of this transition increases with increasing nonme-
sogenic units content (Figures 10, 11, 13). A possible
explanation for this behavior is that a lower concentration
of side groups gives a larger percentage of the side groups
being solubilized into this high molecular weight backbone.

Influence of Molecular Weight on the Phase Be-
havior of Copolymers. Table IV presents phase tran-
sitions for a series of copolysiloxanes containing an average
of 35 £+ 3.2 mol % structural units with mesogenic side
groups and different degrees of polymerization. All
polymers exhibit two glass transition temperatures. Both
glass transition temperatures are almost independent of
molecular weight. This behavior is expected since the
molecular weights of these polymers are higher than the
values for which the molecular weight influences phase
transitions for the homopolymers. Representative heating
and cooling DSC traces from these polymers are presented
in Figures 15 and 16. Both the smectic-smectic and the
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weight. All samples contain 35 £ 3.2 mol % structural units with
mesogenic groups.
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Flgure 15. Normalized DSC heating scans (20 °C/min) for liquid
crystalline copolysﬂoxanes containing 35 £ 3.2 mol % structural
units with mesogenic groups and different degrees of polymeri-
zation.

smectic-isotropic transitions are very little affected by
molecular weight differences. This is best illustrated by
the plots for Figure 17. The only parameters which is still
strongly influenced by copolymer molecular weight within
this range of molecular weights is the peak width of the
smectic—isotropic transition. However, since both co-
polymer compositions and molecular weight are not very
uniform, the dependence of peak width on molecular
weight presented in Figure 18 should be considered with
reservations.

Figure 19 represents plots of the two glass transition
temperatures of copolymers as a function of weight percent
of mesogenic units from both Table III (or Figure 9) and

7(°C)
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Figure 16. Normalized DSC cooling scans (20 °C/min) for liquid
crystalline copolysiloxanes containing 35 + 3.2 mol % structural
units with mesogenic groups and different degrees of polymeri-
zation.
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talline copolysiloxanes on their molecular weight. All samples
contain 35 £ 3.2 mol % of structural units with mesogenic groups.
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Table IV (or Figure 14). This plot is pertinent since both
sets' of data were obtained with copolymer molecular
weights which basically do not affect the values of the two
glass transition tempertures. Figure 19 supports the
proposal we were previously trying to establish from a
limited number of experiments (Figure 9); i.e., the single
glass transition temperature of the homopolymeér might
represent the glass transition temperature of the side
groups. Also, it is possible that the homopolymer exhibits
a glass transition temperture due to the polymer backbone.
However; due to the very low weight percent of the poly-
mer backbone, it might not be possible to detect on the
DSC curves of the homopolymer such a small change in
the heat capacity corresponding to this glass transition
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Table IV
Thermal Transitions and Thermodynamic Parameters for Copolysiloxanes Containing 35 + 3.2 mol % Struectural Units with
2-[4-(2(S)-Methyl-1-butoxy)phenyl]-5-(11-undecan-1-yl)-1,3,2-dioxaborinane Side Groups and Varying Degrees of

Polymerization

NMR

mesogenic GPC phase transitions (°C) and corresponding enthalpy changes (kcal/mrmu?)

structural _ A heati I

units, mol % M, M, /M, eating cooling

31.4 9400 170 g -84 g -9 s -7 (014 s 44 (15 i i 40 (1.4 s -13 (0.14) s
38.0 21400 2.02 g, -8 g -8 s -6 (022 s 47 (1.3) i 1 41 (1.3) s -12 (0.21) s
35.5 27800 2.06 g, -76 g -7 s -4 (0.20) s b4 (1.8 i i 50 (1.8) s -4 (0.19) s
35.3 35700 205 g -75 g -3 s -1 (0200 s 55 (17) i i 50 (1.8) s -4 (0.15) s
34.1 47000 1.71 g -6 gy -5 s 1 (0150 s 58 (19 i i 53 (200 s -1 (0.15) s

2mrmu = mole repeat mesogenic units. ®Values in parentheses are enthalpy changes in kcal/mrmu. Abbreviations: g, g,, glassy; s,

smectic; i, isotropic.
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Figure 18. Dependence of isotropic—smectic peak width of liquid

crystalline copolysiloxanes containing 35 £ 3.2 mol % structural

units with mesogenic groups versus molecular weight.
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Figure 19. The dependence of the two glass transition tem-
peratures of liquid crystalline copolysiloxanes on copolymer
composition. Data from Tables III and IV are included.
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temperature. More sensitive techniques are required to
demonstrate if this assumption is correct.

Finally, we should consider the relationship between the
width of the isotropic—smectic or smectic~isotropic tran-
sition, and its possible role in detecting, at least in a
qualitative nature, different “degrees of liquid
crystallinity”. The meaning of “degree of liquid
crystallinity” refers in this present case to the fraction of
liquid crystalline side groups which are microphase sepa-
rated from the polymer backbone. Presently there is not
technique which can be used to directly demonstrate
microphase separation in these copolymers. This is be-
cause both glass transition temperatures are below room
temperature and therefore electron-microscopy studies
cannot be performed.

As Blumstein has mentioned,* the width of the liquid
crystalline isotropic phase transition is proportional to the

quantity of anisotropic—isotropic biphase available at this
transition temperature. However, we have recently shown
for the case of main-chain liquid crystalline polymers that
nonequilibrium states of liquid crystallinity existing at the
isotropic-liquid crystalline phase transition are also
available in the anisotropic phase. This quantity was
termed “degree of liquid crystallinity” and was quantita-
tively determined.*® This “degree of liquid crystallinity”
dictates the temperature, the width, and the enthalpy
change associated with the liquid crystalline isotropic
transition peak.*%*®

The origin of the biphase in main-chain liquid crystailine
polymers is of course different from the origin of the bi-
phase in the copolymers presented here. This biphase is
kinetically controlled in the case of main-chain copolymers,
while it seems to be thermodynamically controlled in the
side-chain copolymers used in this study. However, we can
be certain that the width of the transition peak can be used
to quantitatively estimate the proportion of biphasic ma-
terial in our side-chain liquid crystalline copolysiloxanes.

In our opinion, microphase-separated side-chain liquid
crystalline copolymers do not represent a completely un-
usual idea for the field of polymer science. Independent
motions of the main chain and side groups in nonliquid
crystalline comblike polymers have been proposed for a
large number of polymer systems, of particular interest
being poly(dialkyl itaconate)s,*%! poly(a-amino acids)
containing different side chains,’*% and copolymers of
a-olefins with maleic anhydride.™*® Even for the field of
side-chain liquid crystalline polymers we think our findings
do not represent an unexpected result. Lipatov et al.5%%2
have predicted and demonstrated that side-chain liquid
crystalline homopolymers containing long alkyl groups, i.e.,
more than 10 methylenic units as the tail of the mesogenic
units and attached directly to the polymer backbone, ex-
hibit a two-phase morphology. However, in thier case there
is a microsegregation of the alkyl chain ends (soft phase)
from the aromatic part (hard phase) of the mesogenic unit.
Although their systems are different from ours, it is of
interest to remark that in both cases in order to observe
microphase separation, the system had to contain at least
10 methylenic units within the flexible spacer or in the tail
part of the flexible spacer.

Krigbaum has first suggested that side-chain liquid
crystalline polymers might have a microphase structure
with clusters of mesogenic side groups embedded in a
continuous phase formed by the polymeric backbone.®® His
idea corresponds to the microphase-separated systems
described in our work and the work of Ringsdorf et al.
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