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Synopsis

Domains of cholesteric liquid crystal structures exist in films of heterogeneous network polymers
from poly(L-glutamic acid) (PGA) and poly(oxyethylene glycol) PEG M, = 302,1003). The sizes
and the amounts of the domains are dependent on the PGA content, the evaporation rate of the
solvent, and the molecular weight of PEG. At the PGA content of 40% by weight, the sizes of the
domains increase, the glass transition temperatures shift to higher temperatures, and the densities
increase with increase in the rate of solvent evaporation. These observations suggest that the phase
separation of PEG takes place at a PGA content of 40% when the evaporation rate issmall. On the
other hand, at a PGA content of 70% by weight, the sizes of the domains increase, the glass transition
temperatures shift to higher temperatures, and the densities vary little with decrease in the rate of
solvent evaporation. These observations suggest that PEG molecules are accommodated among
«-helices of PGA and that the cholesteric liquid crystal phase grows at a PGA content of 70% when
the evaporation rate is small.

INTRODUCTION

Since the early works of Elliott et al.! and Robinson et al.,2-5 the cholesteric
liquid crystals formed by synthetic polypeptides in concentrated solutions have
been extensively studied. Tobolsky et al.5-10 showed that the cholesteric liquid
crystal structure was retained in solid polypeptide films cast from solutions and
also in plasticized polypeptide films. Watanabe et al.!! and Kajiyama et al.1213
showed that the aggregated state of polypeptide molecules in solid films was
greatly dependent on the casting solvent, and they investigated the relationship
between the structure and the dynamic mechanical relaxation behavior.

We have been studying the properties of the heterogeneous network polymers
from poly(glutamic acid) (PGA) and poly(oxyethylene glycol) (PEG) and their
dependence on composition, phase structure, compatibility, crosslink density,
etc.14-16 Two important findings were made: (1) phase inversion takes place
in these composite polymers at ca. 50% PGA content, and it gives rise to the re-
markable changes in the properties!6; (2) cholesteric liquid crystal structure is
formed in the PGA-PEG-dimethylformamide (DMF) system, and even when
DMTF is allowed to evaporate, the structure persists to varying degrees depending
on the composition.16:17

During the course of these studies we often suffered from the problem that
the reproducibility of data such as dynamic mechanical properties, wide-angle
x-ray diffraction patterns, polarizing micrographs, densities, etc., was not very
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good. The fluctuations must at least be partly attributed to the microphase
separation involving the retained cholesteric liquid crystal structure—this should,
in turn, depend on the way how the solvent evaporates.

Thus, in this paper we discuss the effect of the evaporation rate of DMF on
the dynamic mechanical properties, the phase structure, the densities, etc., of
the heterogeneous network polymers prepared at three different evaporation
rates. The PGA contents were 40% and 70% by weight where the PEG-rich and
PGA-rich phases may constitute the continuous phases, respectively.

EXPERIMENTAL

Materials

Poly(L-glutamic Acid) (PGA). PGA was prepared by saponification of
poly(y-methyl L-glutamate). PGA was confirmed by elemental analysis (caled:
C, 46.10%; H, 5.46%; N, 10.85%; found: C, 46.02%; H, 5.42%; N, 10.81%), optical
rotation of 0.2M NaCl aqueous PGA solution at pH 7.3; [a]® = —10518-20; and
an infrared spectrum. The weight-average molecular weight of PGA was esti-
mated to be 48,000 from its intrinsic viscosity in 0.2M aqueous NaCl at pH
7.8.18.21

Poly(oxyethylene Glycol) (PEG). PEG was supplied through the courtesy
of Sanyo Chemical Industry. The number-average molecular weights obtained
from the determination of hydroxyl groups by acid-catalyzed acetylation were
302 and 1003. They will be designated as PEG300 and PEG1000, respec-
tively.

N,N-Dimethylformamide (DMF). DMF was of commercial origin and used
without further purification.

Heterogeneous Network Polymers. Heterogeneous network polymers
consisting of 70 and 40 wt-% PGA, in which the PGA-rich and PEG-rich phase,
respectively, may constitute the continuous phase, were prepared. For example,
1.40 g PGA and 0.60 g PEG300 were dissolved in 14 ml DMF at 100°C. The clear
solution was poured onto a mold (8.0 cm X 5.0 cm X 1.0 cm) coated with fluoride
varnishes. The mold was placed in a metal box (10.5 cm X 6.5 cm X 2.0 cm)
covered with a lid on which there were one, three, or ten holes of 2-mm diameter
to vary the evaporation rate of DMF and heated in an oven at 100°C. It took
about three days, one day, and 10 hr, respectively, until films were obtained.
These heterogeneous network polymers thus obtained will be designated as
PGA-PEG300(70/30)-s, PGA-PEG300(70/30)-m, and PGA-PEG300(70/30)-f,
respectively. The films were kept further for three days at 100°C. A list of the
heterogeneous network polymers is shown in Table 1.

Apparatus and Procedures

Polarizing micrographs were taken using a Nikon polarizing optical microscope
Type LFG-KE. A thin section approximately 50 microns thick was cut parailel
to the film surface with the use of a razor blade.

Dynamic mechanical measurements were made with a Model DDV-Ilc
Rheovibron at 110 Hz in the temperature range of —140°-205°C. The tem-
perature was raised at a rate of 1.5°-2.0°C/min. Wide-angle x-ray diffraction
patterns were obtained with a Rigaku Denki Type D-3F x-ray generator.
Nickel-filtered CuKa radiation was used at 35 kV and 15 mA.
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RESULTS AND DISCUSSION

Polarizing Microscopy

As mentioned above, the fluctuation of properties that the heterogeneous
network polymers exhibit may be ascribed to the domain structure arising from
the aggregation of the component polymers. The resulting domain structure
is affected by composition, molecular weight of PEG, thermal history, rate of
solvent evaporation, etc.

Polarizing microscopy is a useful technique for studying the phase structure
of films containing optically anisotropic regions. The polarizing micrographs
shown in Figures 1 and 2 indicate that the phase structure of heterogeneous
network polymers are greatly dependent on the rate of DMF evaporation and
the molecular weight of PEG. Regularly spaced lines or retardation lines were
seen in Figure 1(c) and Figure 2(a). This is strong evidence that a cholesteric
liquid crystal structure exists in these networks polymers.

PGA-PEG300(40/60) and PGA-PEG1000(40/60). When the rate of DMF
evaporation is large, the cholesteric color and the optical retardation lines
characteristic of a cholesteric liquid crystal structure were observed in the
polarizing micrographs of PGA-PEG300(40/60)-f as shown in Figure 1, though
the retardation lines could not be observed in a PGA film made by casting from
DMF solution at 100°C. The spacing S between retardation lines was about 5
microns. These observations are similar to the following results: Elliott et al.1
could not observe retardation lines in a film of poly(y-benzyl L-glutamate)
(PBLG), but Samuliski et al.”? reported that the retardation lines could be ob-
served in PBLG films swollen in benzene and plasticized with 3,3’-dimethylbi-
phenyl. Robinson? reported that S varies in proportion to 1/C2, where C is the
volume fraction of PBLG in the cholesteric phase. According to this experi-
mental rule, we interpreted that one of the reasons that the retardation lines
could be observed in PGA-PEG300(40/60)-f was that PEG lowered the con-
centration of PGA acting as a diluent. When the rate of evaporation is small,
on the other hand, the finely dispersed anisotropic regions were observed as
shown for PGA-PEG300(40/60)-s in Figure 1.

The variation of the phase structure resulting from the change in evaporation
rate of the solvent is explained in terms of phase separation of PEG. The
evaporation process is considered to involve the following steps: isotropic so-
lution — point A (isotropic phase + cholesteric liquid crystal phase) — point
B (cholesteric liquid crystal phase) — solid film. Namely, the isotropic solution
of PGA and PEG is concentrated as the DMF evaporates. Above the concen-
trations corresponding to points A or B, the solution changes to the cholesteric
liquid crystal phase. When the evaporation rate is large, the cholesteric structure
will be retained in the solid film; but when the evaporation rate is small, the PEG
molecules will separate out and the anisotropic regions may be finely dispersed.
This idea is supported by the results shown in Table I that the density p becomes
lower and the distance between neighboring a-helices of PGA, digi0 X 2/V'3,
becomes shortened when the evaporation rate is small.

Compared with PGA-PEG300(40/60), the phase structures of PGA-
PEG1000(40/60) were not so affected by the evaporation rate within this ex-
perimental range. This may be because PEG1000 is apt to separate out even
when the evaporation rate is fast, because PEG1000 is not as miscible with PGA
as PEG300 is. Therefore, the fine anisotropic regions are observed.
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Fig. 1. Effect of evaporation rate of DMF on polarizing micrographs of PGA-PEG300 (40/60)
and PGA-PEG1000(40/60): (a) PGA-PEG300(40/60)-s; (b) PGA-PEG300(40/60)-m; (c) PGA-
PEG300(40/60)-f; (d) PGA-PEG1000(40/60)-s; (e) PGA-PEG1000(40/60)-m; (f) PGA-
PEG1000(40/60)-f.
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Fig. 2. Effect of evaporation rate of DMF on polarizing micrographs of PGA-PEG300(70/30) and
PGA-PEG1000(70/30): (a) PGA-PEG300(70/30)-s; (b) PGA-PEG300(70/30)-m; (c) PGA-
PEG300(70/30)-f; (d) PGA-PEG1000(70/30)-s; (¢) PGA-PEG1000(70/30)-m; (f) PGA-
PEG1000(70/30)-f.
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PGA-PEG300(70/30) and PGA-PEG1000(70/30). Films of heterogeneous
network polymers containing 70% PGA are composed of many cholesteric liquid
crystal domains as shown in Figure 2. The sizes of the domains of PGA-
PEG300(70/30) vary from about 10 microns to about 100 microns with a decrease
in the evaporation rate of DMF. Optical retardation lines were observed in
PGA-PEG300(70/30)-s, and the spacing S was about 4 microns, which was
smaller than that of PGA-PEG300(40/60)-f. This may be attributed to an in-
crease in PGA content in the cholesteric liquid crystal phase of PGA-
PEG300(70/30)-s compared with that of PGA-PEG300(40/60)-f. In PGA-
PEG300(70/30)-f, on the other hand, optical retardation lines were not observed
though a cholesteric color was observed. This may be explained as follows. As
the density is little affected by the rate of evaporation (Table I), the separation
of PEG probably does not take place. The cholesteric liquid crystal phase
formed above points A and B is expected to grow into large cholesteric liquid
crystal domains when the rate of evaporation is small. In contrast, films become
composed of small cholesteric liquid crystal domains when the rate of evaporation
is fast because there is not enough time for liquid crystal growth.

PGA-PEG1000(70/30) showed a similar tendency, but the effect of the rate
of DMF evaporation was small within this experimental range and the optical
retardation lines were not observed in PGA-PEG1000(70/30)-s. The reason for
this result is obscure at present, but one explanation may be as follows. The
concentrations of PGA at points A and B for PGA-PEG1000-DMF at which a
cholesteric liquid crystal appears may be low compared with those of PGA-
PEG300-DMF. Therefore, even the lowest evaporation rate of this experiment
may not give enough time for liquid cyrstal growth.

These observations collectively suggest that at the 70% PGA content, phase
separation of PEG does not occur and the time allowed for liquid crystal growth
may be a main factor governing the phase structure.

Dynamic Mechanical Properties

In the previous paper!® we described the effects of composition, phase struc-
ture, molecular weight of PEG, etc., on the dynamic mechanical properties of
the heterogeneous network polymers. In the course of the study it became ap-
parent that the dyamic mechanical properties were dependent on the rate of
solvent evaporation.

PGA-PEG300(40/60) and PGA-PEG1000(40/60). The dynamic mechanical
properties of the heterogeneous network polymers containing 40% PGA were
shown in Figures 3 and 4. The tan 6 curves were nearly symmetrical around the
peak temperatures, and the intensities of the peaks were fairly large. The re-
laxation was attributed to the micro-Brownian motions of PEG segments because
the PEG-rich phase constitutes the continuous phase.l® This assignment is
supported by the dynamic mechanical properties of PEG or poly(ethylene oxide)
(PEO) reported previously'422-24: the major relaxation occurs at —60° to —20°C
depending on the molecular weight, and PEG and PEO melt below 66°C. The
assignment is supported also by the dynamic mechanical properties of segmented
polyurethane block copolymers reported by Huh et al.25; these copolymers are
very similar systems to our heterogeneous network polymer systems because (1)
they are composed of a hard component (urethane segments) and a soft com-
ponent (polyether segments), and (2) the hard component domains are dispersed



2824

MORI, TANAKA, AND TANAKA

n
I 0 00000000 o
[ 2080a0R8 R0 80000
L o
A%Am o4
—_ F 08 DD
I s o
g Oa o
0 oa O i
c 10 ° o
> r o
o [ a o
<
N 3 o o
w | o o
o & o
S o,
=2 > o
os o
OAA DDDDUDDDDDUD o - I
9:_ OOAAAAAAAAAAAAEAEALPADAA
C 000000 0000 06 00 OO0 0O 00O O 0o
[ 0P8%000,
s oA g [=]
0% o oa o
o o ) o
0% 4 Op -
od o o
L 93900 SODD o -9
on” 8 %Aaguunaa%a Op o
o OOOSMAAAO > 5
%000° op
° o ~
% £
¢ ° 2
v
o o _ag
- a s
086 IS ; 3
o 3 o :
o ° i
° % a
oaéJ vy o 81
- ]
0.5 on a I o
P o
s B Ao o
I 2 Rs0 o EU
[pD BTN &A a6 4 Ao & 4
[¢] 40 onoo,0
0.4 o 00O @«
' b o o o
a o
[ a co 2
o o , ©
0.3 s © e
a o
w0 a
s o o o o
'— Py
fe} [}
0.21- ¢ .
Iy
o o
o
o D a a
o
oa
0.1 o o o
Oa o Aoo a
| a o
2 o 5 0 a
a Do S pe B 550
0 0420737 % Dol b1 G & RPS0apopos ogotonosondndal
-100 -50 0 100 150 200

50
Temperature (°C)

Fig. 3. Effect of evaporation rate of DMF on dynamic mechanical properties of (O) PGA-
PEG300(40/60)-s; (a) PGA-PEG300(40/60)-m; (0) PGA-PEG300(40/60)-f.

in the soft component matrix. The major relaxation process that occurs at about
—10°C was attributed to the micro-Brownian motions of polyether segments.
With a decrease in the rate of evaporation, (1) peak temperature (Tiay ...
Tg~,,) shifted to lower temperatures; (2) the magnitude of tan é at the peak
temperature (tan é6,,,) increased; (3) E’ above the transition temperature de-
creased. This may be explained by the increase in the PEG content in the
continuous phase (PEG-rich phase) because the more PEG is expected to sep-
arate out from the cholesteric liquid crystal phase to the continuous phase when
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Fig. 4. Effect of evaporation rate of DMF on dynamic mechanical properties of (0) PGA-
PEG1000(40/60)-s; (o) PGA-PEG1000(40/60)-m; (0) PGA-PEG1000(40/60)-f.

the evaporation is slow. When the rate of evaporation is large, however, PEG
molecules consisting the cholesteric liquid crystal structures with PGA cannot
effectively separate out. The decrease in PEG content in the continuous phase
may shift the T,y 5., to higher temperatures and decrease the tan é,,,x, because
the relaxation may arise mainly from the micro-Brownian motions of PEG.
PGA-PEG300(70/30) and PGA-PEG1000(70/30). The rate of DMF
evaporation influences the dynamic mechanical properties of heterogeneous
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Fig. 5. Efféct of evaporation rate of DMF on dynamic mechanical properties of (0) PGA-
PEG300(70/30)-s; (a) PGA-PEG300(70/30)-m; (0) PGA-PEG300(70/30)-f.

network polymers containing 70% PGA in the reverse direction, compared with
those containing 40% PGA as shown in Figures 5 and 6. Namely, with a decrease
in the rate of evaporation, (1) T'an s, and T, shifted to higher temperatures;
(2) tan 8, increased; (3) E” above the transition temperature decreased. It
is certain that the relaxation is associated with PGA molecules because the
PGA-rich phase constitutes the continuous phase at the PGA content of 70%.
But it is obscure what kinds of motions of PGA are responsible.

Two types of relaxation mechanisms may be attributable to this relaxation.
One is the micro-Brownian motions of PGA in the disordered region and PEG.
The other is the rotational or slipping motions of PGA in the ordered region. At
present we consider that the former is the case based on the following observa-
tions: (1) Since the density is little affected by the rate of evaporation, the PEG
molecules are by and large accommodated among the a-helical PGA molecules.
(2) The relaxation curve of PGA-PEG300(70/30)-s varied little with annealing
at 150°C for 10 hr. (3) PGA homopolymer shows its tan § maximum at ca. 135°C
as reported in the previous paper,!4 and the relaxation curve was little affected
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Fig. 6. Effect of evaporation rate of DMF on dynamic mechanical properties of (O) PGA-
PEG1000(70/30)-s; (a) PGA-PEG1000(70/30)-m; (0) PGA-PEG1000(70/30)-f.

by annealing at 150°C for 2 hr although the tan 8,y at ca. 135°C increased with
annealing at 150°C for 48 hr (thermal degradation of PGA may occur). Inthe
light of the relaxation mechanisms of poly(y-methyl D-glutamate) reported by
Kajiyama et al.,1213 we assumed that the relaxation of PGA homopolymer arises
from the micro-Brownian motions in the disordered region. To further elucidate
this and to correlate with the behaviors of heterogeneous network polymers, a
study of dynamic mechanical behavior of PGA homopolymer is being
continued.

X-Ray Diffraction

The aggregation state of PGA and PEG in a microstructural level was further
studied by x-ray diffraction analysis. Every heterogeneous network polymer
had a reflection at a Bragg angle of 26 = 6°-9° which corresponded to the (1010)
plane of the hexagonal crystal lattice of pure PGA in «-helical conformation.
The lattice distance, d1g70, is shown in Table I; dg70 X 2/4/3 is equal to the dis-
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tance between neighboring a-helices. The dj10’s of heterogeneous network
polymers are longer than the dyg7p of PGA (9.7 A) by 1-1.5 A. Moreover, the
d1g10’s of heterogeneous network polymers containing 40% PGA are longer than
those of 70% PGA content. And with the same compositions, the slower the
solvent evaporation, the smaller became the dq7¢’s.

Thus, we propose that the interhelical space of the PGA liquid crystal that
is formed in DMF in the presence of PEG has a certain capacity to hold the PEG
chains even after DMF is completely gone. When the PGA content is only 40%
by weight, there is simply not enough PGA to accommodate all the PEG that
amounts to 60%—and the excess PEG is ejected depending on the rate of DMF
evaporation. On the other hand, the PGA content of 70% by weight is still un-
saturated with respect to the interhelically accommodated PEG—the variation
in the rate of solvent evaporation only results in the difference in the mutual
aggregation mode of the liquid crystal domains.

SUMMARY

Heterogeneous network polymers composed of PGA and PEG300 or PEG1000
were prepared at three different evaporation rates of DMF, and their dynamic
mechanical properties, phase structure, density, etc., were investigated. With
increase in the evaporation rate of DMF, at 40% PGA content, (1) the sizes of
the cholesteric liquid crystal domains became larger, (2) Tan s, and Tr,.,
shifted to higher temperatures; (3) tan 6,,,, decreased; (4) dgio increased; (5)
p increased. At 70% PGA content, (1) the sizes of the cholesteric liquid crystal
domains became smaller, (2) Ty, 5, and Tg~,,, shifted to lower temperatures,
(3) tan 0.y decreased; (4) digio increased; (5) p varied little. The correlation
among the evaporation rate, the phase structure, and the dynamic mechanical
porperties was discussed.

The authors express their thanks to J. Itami for his assistance in the experimental work. This
study was supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education
(No. 175488}, Japan.
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