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ABSTRACT: The isotropic—cholesteric phase boundary concentrations and interfacial tension were
measured for tetrahydrofuran (THF) solutions of fractionated cellulose tris(phenyl carbamate) (CTC)
samples. The phase boundary concentrations are compared with the scaled particle theory for the hard
wormlike spherocylinder model as favorably as those for other stiffer polymer systems, though the theory
does not consider effects of the intramolecular excluded-volume and intermolecular multiple contacts,
both of which are appreciable for high molecular weight CTC samples. This may be due to cancellation
of the two effects in the isotropic—cholesteric phase equilibrium. The interfacial tension y between the
coexisting isotropic and cholesteric phases for the CTC—THF system slightly decreases with molecular
weight, and the asymptotic value is higher than those of other stiffer polymer systems. The dependence
of the asymptotic y on the persistence length is consistent with Cui et al.’s theory based on the second
virial approximation, but its magnitude is much larger than the prediction of the theory, indicating that

higher virial terms in thermodynamic quantities play a significant role in y.

1. Introduction

It is known that cellulose and its derivatives exhibit
lyotropic liquid crystallinity.!1™® They are the most
flexible among lyotropic liquid-crystalline polymers, and
their chain flexibility shifts the isotropic—liquid crystal
phase transformation toward a considerably high con-
centration region.1°

In the previous study (part 1 of this series of papers),1!
we have determined the wormlike-chain parameters
and intermolecular interaction parameters of a cellulose
derivative, cellulose tris(phenyl carbamate) (CTC) in
tetrahydrofuran (THF). The chain stiffness of this
polymer, characterized by a persistence length q of 10.5
nm, is intermediate between typical stiff and flexible
polymers.1213 |t turned out that due to this low chain
stiffness, effects of the intramolecular excluded volume
and of the intermolecular multiple contacts become
important in dilute solution properties of CTC in THF
(a good solvent), when the molecular weight M exceeds
ca. 10°.11 Therefore, CTC exhibits both rodlike and
coillike characters by changing M within an accessible
M range.

The two effects of the intramolecular excluded volume
and of the intermolecular multiple contacts may also
affect the isotropic—liquid crystal phase equilibrium.
So far, the phase equilibria in stiff and semiflexible
polymer solutions have been compared with theor-
ies,10.14-17 which do not consider the two effects, and
good agreements between experiment and theory have
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been obtained. Thus, it is an interesting problem to
examine whether the theories correctly predict the
phase boundary for CTC solutions or not.

The isotropic—liquid crystal (cholesteric) phase bound-
ary concentration for cellulose derivatives has been
already studied by many workers.t~° However, most of
polymer samples used so far had heterogeneities in the
molecular weight and/or degree of substitution, which
made the comparison between theory and experiment
obscure. In this study, we have used well-fractionated
CTC samples with narrow molecular weight distribu-
tions and full substitution to measure the isotropic—
cholesteric phase boundary concentrations of their
THF solutions. Since the molecular and interaction
parameters of CTC in THF have been already deter-
mined in part 1, we can compare experimental and
theoretical phase boundary concentrations without am-
biguity.

In this study, we also measured the interfacial tension
between the coexisting isotropic and cholesteric phases
of THF solutions of CTC by the sessile drop method.
The interfacial tension plays an important role in the
kinetics of the isotropic—cholesteric phase separation,!8
but there has been no report on the interfacial tension
for cellulose and its derivatives solutions so far.

2. Experimental Section

CTC Samples. Eleven fractionated CTC samples were used
for the phase separation experiment and interfacial tension
measurements. Among them, seven samples (F9, F11, F13,
F16, F18, F20, F22) were the same as used in part 1,'* and
four samples (Q11-4, P2-4, G-4, H-4) were newly prepared in
the same procedure as previously. The full substitution of CTC
samples was checked in part 1 by elemental analysis. The
molecular characteristics of all the samples used in this study
are listed in Table 1. For the newly prepared samples, the
viscosity-average molecular weights M, were estimated from
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Table 1. Molecular Characteristics of CTC Samples Used

sample My/104 [71/10%cm3g—1 kP Mw/Mp
F9 55.5 3.35 0.37

F11 33.9 2.14 0.38 1.10
F13 15.6 1.20 0.37 1.07
F16 10.3 0.834 0.36 1.08
Ql1-4 9.92 0.755 0.39 1.05
pP2-4 9.62 0.732 0.42 1.06
G-4 7.42 0.568 0.39 1.05
F18 5.87 0.481 0.41 1.07
H-4 4,92 0.373 0.41 1.07
F20 3.94 0.339 0.39 1.06
F22 2.51 0.202 0.45

a Viscosity-average molecular weight estimated from [7] data
using the [y]—M,, relation obtained in part 1.1* b Huggins coef-
ficient.

the intrinsic viscosities [5] (in the third column of Table 1)
using the relation between [;] and the weight-average molec-
ular weight M,, obtained in part 1. For all the samples, the
ratios of My, to the number-average molecular weight M,
estimated by GPC were equal to or less than 1.1 (see the fifth
column of Table 1), which indicates successful molecular
weight fractionation of the samples. In the following, M, is
not differentiated from M,,, and both molecular weights are
denoted simply by M.

Phase Separation Experiment. A biphasic solution was
prepared by mixing a CTC sample with distilled THF in a test
tube and stirring the mixture by a magnetic chip for 1-2 days
in a 25 °C air bath. The solution was then centrifuged at 4000
rpm at 25 °C in a Sorval RC centrifuge to achieve a complete
phase separation, and the test tube with the biphasic solution
was placed into a thermostated water bath at 25 °C gently
without disturbance. The volume of each separated phase was
determined from its column height measured by a traveling
microscope to calculate the volume fraction @, ¢ of the choles-
teric phase in the biphasic solution. The test tube had been
calibrated to estimate the volume of liquid in the tube from
its column height. Measurements of ® ¢ were performed by
changing the initial CTC mass concentration ¢ and the
temperature from 10 to 35 °C.

Viscosities of biphasic solutions of CTC solutions with M >
10° were so high that the complete phase separation could not
be achieved by centrifugation without disturbing the phase
equilibrium. Thus, such solutions were sequentially diluted
with THF to find the concentration where the optical birefrin-
gence of the solution disappeared using polarizing microscopy
under the crossed polarizers condition, and this concentration
was taken as the phase boundary concentration c¢, between
the isotropic phase and biphasic regions. The same procedure
was used also for the lowest molecular weight sample (F22),
whose amount available was too small to make the phase
separation experiment.

Interfacial Tension Measurements. The isotropic—cho-
lesteric interfacial tension y was measured for three CTC
samples, P2-4, G-4, and H-4, by the sessile drop method.*®
After the centrifugation of a biphasic CTC solution at 25 °C,
the coexisting isotropic and cholesteric phases were separately
taken out by pipets. The separated isotropic phase was put
into a glass rectangular cuvette with a 10 mm width, and a
suitable amount of the separated cholesteric phase was placed
on the bottom of the isotropic phase in the cuvette, using a
microsyringe. Evaporation of the solvent THF was prevented
by a Teflon cap on the cuvette along with Teflon seal. Pictures
of the sessile drop of the cholesteric phase formed on the
bottom of the cuvette were taken sequentially at different
times t elapsed after forming the drop, under crossed polar
conditions by a CCD camera (Hamamatsu Digital Camera
4742-95) with a Micro-Nikkor (55 mm, f/2.8) lens. The mag-
nification of the pictures was determined by a microscope ruler
photographed under the same condition (without the cross
polares). The sessile drop pictures were analyzed by the
established method'®?® to determine y between coexisting
isotropic and cholesteric phases.
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Figure 1. Concentration dependence of the density of THF
solutions of CTC at 25 °C.
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Figure 2. Results of the isotropic—cholesteric phase separa-
tion experiments for THF solutions of CTC sample G-4 at
different temperatures; c, the initial polymer concentration;
® ¢, the volume fraction of the cholesteric phase in the whole
solution.

Density Measurements. The sessile drop method needs
the difference in the density p between the coexisting two
phases to calculate vy, so that p of THF solutions of CTC were
measured at 25 °C as a function of the polymer concentration
using a Lipkin-Davison-type pycnometer with a 5 cm? capacity.
Figure 1 shows the plot of p against the polymer mass
concentration ¢ over a concentration wide range, where ¢ was
calculated from the polymer weight fraction multiplied by p.
Although the data points at the two highest ¢ are for choles-
teric solutions, all data points follow a single straight line
indicated. From the slope of this line, the partial specific
volume of CTC in 25 °C THF was estimated to be 0.713 cm?/g,
being in good agreement with the previous result'! obtained
by densitometry at low polymer concentrations (<0.01 g/cm3).

3. Results and Discussion

Phase Boundary Concentrations. Figure 2 shows
the plot of the initial CTC concentration ¢ against the
volume fraction @ ¢ of the cholesteric phase in biphasic
solutions of sample G-4 at different temperatures T.
Data points at each T follow a straight line, and the
slope of the line slightly increases with T. By extrapo-
lating the data points to ®, ¢ = 0 and 1, we determined
the phase boundary concentrations c, between the
isotropic phase and biphasic regions and ca between the
biphasic and cholesteric phase regions, as functions of
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Figure 3. Temperature—concentration phase diagram of the
THF solution of CTC sample G-4.

Table 2. Isotropic—Cholesteric Phase Boundary
Concentrations and Interfacial Tension of THF Solutions
of CTC at 25 °C

sample L/nma NP cal/gem=3  ca/gcm=3  p/10°3Nm
F9 534 25.4 0.343¢

F11 326 15.5 0.354¢

F13 150 7.14 0.361 0.392

F16 99.0 4.72 0.387 0.417

Ql1-4 95 4.5 0.370 0.402

P2-4 92 4.4 0.373 0.405 0.0857
G-4 71 3.4 0.373 0.405 0.0939
F18 56.4 2.69 0.384 0.413

H-4 47 2.2 0.402 0.429 0.107
F20 37.9 1.80 0.398 0.419

F22 24.1 1.15 0.443¢

a Calculated from M with the molecular weight per unit contour
length M = 1040 nm~1. ® Calculated from L with the persistence
length g = 10.5 nm. ¢ Determined by polarizing microscopy.
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Figure 4. Molecular weight dependence of the phase bound-
ary concentrations c, between the isotropic and biphasic
regions and ca between the biphasic and cholesteric phase
regions at 25 °C.

T. The phase diagram drawn with these phase boundary
concentrations is illustrated in Figure 3. Both phase
boundary lines are tilted, and the isotropic phase region
widens with increasing T. Similar T dependencies of c,
and ca were observed for other lyotropic liquid-crystal-
line polymer systems.#21-23

Table 2 summarizes results of ¢; and ca at 25 °C for
all CTC samples examined, and Figure 4 shows the
molecular weight dependencies of ¢, and ca at 25 °C
(unfilled and filled circles). The data for ¢, and ca in the
range of 3.9 x 10* < M < 1.6 x 10° were obtained from
the plot of ¢ vs @ ¢, while the data for ¢ at M = 2.5 x
104, 3.4 x 10°% and 5.6 x 10° were determined by
polarizing microscopy (cf. Experimental Section). Both
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Figure 5. Comparison of experimental phase boundary
concentrations for three lyotropic liquid-crystalline polymer
systems with the scaled particle theory for the hard wormlike
spherocylinder model.

¢y and ca are slightly decreasing functions of M. Asymp-
totic values of ¢; and ca at high M are much higher than
those for toluene solutions of poly(n-hexyl isocyanate)
(PHIC) (~0.2 g/cm?3)22 and aqueous solutions of schizo-
phyllan (0.1 g/cm?3).2224 The persistence lengths q of
CTC, PHIC, and schizophyllan are 10.5, 37,25 and 200
nm,? respectively, and their asymptotic values of ¢, and
ca are in order of the chain flexibility, whereas ratios
ca/c for the CTC—THF system are ca. 1.08 irrespective
of M, which are similar to those for the PHIC—toluene
system.23

A number of molecular theories were proposed to
calculate isotropic—liquid crystal phase boundary con-
centrations for rodlike or wormlike polymer solutions
so far.10.14-17.27.28 Among them, the scaled particle theory
(SPT) based on the hard wormlike spherocylinder model
is one of most successful theories, which considers the
higher virial terms and the conformational entropy not
included in the Onsager theory.1® The SPT allows to
calculate ¢ and ca as functions of the molecular weight
M, when the persistence length g, the molar mass per
unit contour length M, and hard-core diameter do are
given. These necessary parameters have already deter-
mined for CTC in 25 °C THF in part 1: M| = 1040 +
70nm~1,dp=1.44+0.1nm, and q= 10.5 = 1 nm. Figure
5 compares the theoretical prediction by the SPT with
the experimental results, where the top solid and dash—
dotted curves indicate respectively theoretical values for
¢ and ca calculated by the SPT with M = 1040 nm™1,
do = 1.4 nm, and q = 10.5 nm, and top series of unfilled
and filled circles are the corresponding experimental
data for the CTC—THF system. In the figure, N is the
number of Kuhn's statistical segments (=M/2qM,),
which is calculated from M for each sample. The SPT
predicts both experimental phase boundary concentra-
tions quite accurately with no adjustable parameters.

Figure 5 also compares previous results of ¢, and ca
for poly(n-hexyl isocyanate) (PHIC)—toluene?® and schizo-
phyllan (a rigid triple-helical polysaccharide)—water2229
systems all at 25 °C with the SPT, where theoretical
values were calculated using the molecular parameters
determined by the same method as for CTC.3° For the
PHIC—toluene system, both phase boundary concentra-
tions are predicted by the SPT almost perfectly. On the
other hand, for aqueous schizophyllan, while experi-
mental data of c¢; almost agree with the SPT, experi-
mental ca are considerably higher and the phase gaps
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Figure 6. Interfacial tension y between coexisting isotropic
and liquid-crystal phases for three lyotropic liquid-crystalline
polymer systems at 25 °C plotted against the number N of
Kuhn's statistical segments.

are wider than the theoretical prediction. However, the
SPT may not be responsible for these disagreements
because molecular weight distributions of schizophyllan
samples used were not as sharp as those for PHIC and
CTC samples.®! In comparison with the results for the
PHIC—toluene system, the agreement between theory
and experiment for the CTC—THF system is less
perfect. This discrepancy is however within uncertain-
ties of the molecular parameters previously estimated
(see above). For example, if we change do from 1.4 to
1.47 nm, we can obtain almost perfect agreements for
the CTC—THF system.

Gupta et al.?2 made dielectric measurements for CTC
in dioxane and found that q of CTC in that solvent
decreases with increasing T. From their results, we can
estimate dq/dT at room temperature to be ca. —0.18
nm/°C. Although there is no corresponding result of CTC
in THF, the g value in THF is almost identical with that
in dioxane at 25 °C (=10.8 nm), and we may expect a
similar dg/dT in THF. If dg/ZdT in THF is equal to
—0.12 nm/°C and M_ and do are invariant with T, we
can explain the T dependence of the phase boundary
concentrations shown in Figure 3.

Interfacial Tension. Figure 6 shows the N (or the
molecular weight) dependence of the isotropic—choles-
teric interfacial tension y for the CTC—THF system at
25 °C (filled circles) as well as those for PHIC—toluene
(squares)® and schizophyllan—water (unfilled circles)!®
systems at the same temperature. The dependencies for
the CTC—THF and PHIC—toluene systems are much
weaker than that for the schizophyllan—water system.
The magnitude of y at larger N seems to be in order of
the chain flexibility, just like ¢; and ca, although there
are no data of y for aqueous schizophyllan at large N.

Cui et al.3* calculated the isotropic—nematic interfa-
cial tension for solutions of hard wormlike cylinders in
the coil limit. Their final result is simply written as

kgT

=0.11
v qd,

1)

where kg is the Boltzmann constant. Figure 7 plots
yqdo/kgT against N to compare the experimental results
with the coil-limit theory of Cui et al. The values of q
and dp used are the same as those used at calculating
the phase boundary concentrations in Figure 5. The
weak or no molecular weight dependence of y for CTC
or PHIC solutions is almost consistent with the theory
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Figure 7. Comparison of experimental y with Cui et al.’s
theory for the wormlike-chain model in the coil limit.

of Cui et al., and the asymptotic values of yqdo/kgT for
CTC and PHIC solutions are almost identical, as
expected from eq 1. However, magnitudes of the asymp-
totic yqdo/kgT for those solutions are about 3 times as
large as the theoretical prediction. The theory of Cui et
al. uses the second virial approximation, which gives ¢,
and ca (or the concentrations of the coexisting isotropic
and liquid-crystal phases) about twice as high as the
experimental for the CTC—THF system. Since the SPT
including the higher virial terms in thermodynamic
guantities predicts ¢, and ca much more accurately, the
higher virial terms may be important also in the
calculation of y and should be incorporated into Cui et
al.’s theory to obtain better agreements.

4. Concluding Remarks

As mentioned in Introduction, the CTC chain has a
considerable flexibility so that the effects of the in-
tramolecular excluded volume and of the intermolecular
multiple contacts become important for CTC at high
molecular weights (above few hundred thousand).!! On
the other hand, we have demonstrated above that the
scaled particle theory (SPT) for the hard wormlike
spherocylinder model predicts the isotropic—liquid crys-
tal phase boundary concentrations for the CTC—THF
system as accurately as those for other stiffer polymer
systems, though the theory does not consider the above
two effects. This indicates that the above two effects do
not play significant roles in the isotropic—liquid crystal
phase equilibrium or that the two effects cancel each
other.

The intramolecular excluded-volume effect on the
polymer chain conformation becomes appreciable for
CTC in isotropic THF solution at high M, but it may
not be important in the cholesteric phase due to the
extended conformation of the chain in the phase.
Therefore, this effect reduces the conformational entropy
of the chain in the isotropic phase and thus the confor-
mational entropy loss at the cholesteric phase formation.
Therefore, the effect stabilizes the cholesteric phase,
which can shift the phase boundaries to the lower
concentration side. However, the chain flexibility pro-
vides also the effect of multiple contacts among polymer
chains in the isotropic phase, which reduces the inter-
molecular excluded volume and may stabilize the iso-
tropic phase. We cannot expect such a multiple-contacts
effect in the cholesteric phase due to the extended chain
conformation in the phase. Therefore, the two effects
arising form the chain flexibility are competitive and
may cancel each other in the calculation of the phase
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boundary concentrations. Of course, the above argument
is just qualitative, and we have to check quantitatively
whether the two effects actually cancel or not, but at
present we have no suitable theory for this purpose.

References and Notes

(1) Werbowyj, R. S.; Gray, D. G. Mol. Cryst. Lig. Cryst., Lett. Sect.
1976, 34, 97.
(2) Werbowyj, R. S.; Gray, D. G. Macromolecules 1980, 13, 69.
(3) Patel, D. L.; Gilbert, R. D. J. Polym. Sci., Polym. Phys. Ed.
1981, 19, 1449.
(4) Conio, G.; Bianchi, E.; Ciferri, A.; Tealdi, A.; Aden, M. A.
Macromolecules 1983, 16, 1264.
(5) Laivins, G. V.; Gray, G. D. Macromolecules 1985, 18, 1753.
(6) McCormick, C. L.; Callais, P. A.; Hutchinson, J. B. H.
Macromolecules 1985, 18, 2394.
(7) Bianchi, E.; Ciferri, A.; Conio, G.; Cosani, A.; Terbojevich,
M. Macromolecules 1985, 18, 646.
(8) Zugenmaier, P.; Vogt, U. Makromol. Chem. 1983, 184, 1749.
(9) Zugenmaier, P. In Cellulose: Structure, Modification, and
Hydrolysis; Young, R. A., Rowell, R. M., Eds.; Wiley: New
York, 1986.
(10) Sato, T.; Teramoto, A. Adv. Polym. Sci. 1996, 126, 85.
(11) Kasabo, F.; Kanematsu, T.; Nakagawa, T.; Sato, T.; Teramoto,
A. Macromolecules 2000, 33, 2748.
(12) Fujita, H. Polymer Solutions; Elsevier: Amsterdam, Vol. 9,
1990.
(13) Norisuye, T. Prog. Polym. Sci. 1993, 18, 543.
(14) Khokhlov, A. R.; Semenov, A. N. Physica 1981, 108A, 546.
(15) Khokhlov, A. R.; Semenov, A. N. Physica 1982, 112A, 605.
(16) Odijk, T. Macromolecules 1986, 19, 2313.
(17) Vroege, G. J.; Lekkerkerker, H. N. W. Rep. Prog. Phys. 1992,
55, 1241.
(18) Sato, T.; Shimizu, T. Mol. Cryst. Liqg. Cryst. 2001, 365, 387.
(19) Chen, W.-L.; Sato, T.; Teramoto, A. Macromolecules 1999, 32,
1549.
(20) Chen, W.-L.; Sato, T.; Teramoto, A. Macromolecules 1996, 29,
4283.
(21) Van, K.; Teramoto, A. Polym. J. 1982, 14, 999.

Cellulose Tris(phenyl carbamate) 2943

(22) Itou, T.; Van, K.; Teramoto, A. J. Appl. Polym. Sci., Appl.
Polym. Symp. 1985, 41, 35.

(23) Itou, T.; Teramoto, A. Macromolecules 1988, 21, 2225.

(24) Recently, Norisuye et al.%¢ measured c, for cellulose tris(3,5-
dimethylphenyl carbamate) (CTDC) dissolved in 1-methyl-
2-pyrrolidone (NMP). The results were slightly higher (~0.5
g/cm3) than ¢, for CTC in THF, being consistent with a
smaller q (=7.8 nm) of CTDC in NMP.

(25) Itou, T.; Chikiri, H.; Teramoto, A.; Aharoni, S. M. Polym. J.

1988, 20, 143.
(26) Yanaki, T.; Norisuye, T.; Fujita, H. Macromolecules 1980, 13,
1462.

(27) Onsager, L. Ann. N.Y. Acad. Sci. 1949, 51, 627.

(28) Flory, P. J. Proc. R. Soc. London 1956, A234, 73.

(29) Itou, T.; Teramoto, A. Polym. J. 1984, 16, 779.

(30) For schizophyllan, g = 200 nm, M_ = 2150 nm~%, and do =
1.75 nm in 25 °C water.26:37 On the other hand, for PHIC, q
= 37 nm and Mg = 740 nm~1! in 25 °C toluene.?> The hard-
core diameter do of PHIC was previously determined in
dichloromethane (DCM; 20 °C)3 and n-hexane (25 °C).3” The
results were independent of the solvents, so that we used the
result (do = 1.07 nm) in DCM for d in 25 °C toluene.

(31) It can be theoretically shown that when a polymer sample
contains a minor component of higher molecular weight, ca
becomes remarkably higher but c; is insensitive to the
component.3°

(32) Gupta, A. K.; Marchal, E.; Burchard, W. Macromolecules
1975, 8, 843.

(33) Chen, W.-L.; Sato, T.; Teramoto, A. Macromolecules 1998, 31,
6506.

(34) Cui, S.-M.; Akcakir, O.; Chen, Z. Y. Phys. Rev. E 1995, 51,
4548.

(35) Sato, T.; Shoda, T.; Teramoto, A. Macromolecules 1994, 27,
164.

(36) Norisuye, T.; Tsuboi, A.; Sato, T.; Teramoto, A. Macromol.
Symp. 1997, 120, 65.

(37) Sato, T.; Jinbo, Y.; Teramoto, A. Macromolecules 1997, 30,
590.

(38) Jinbo, Y.; Sato, T.; Teramoto, A. Macromolecules 1994, 27,
6080.

MAO021786J



