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ABSTRACT: The interfacial tension y between the coexisting isotropic and nematic phases of toluene
solutions of poly(n-hexyl isocyanate) (PHIC) was determined as a function of the molecular weight of
PHIC by the pendant drop method. The value of ¥ was almost independent of the molecular weight, in
contrast to the theoretical prediction for rodlike polymer solutions that y should be inversely proportional
to the polymer molecular weight. This is consistent with the disagreement between rod theories and
experiment with respect to the isotropic—nematic binodal concentrations of PHIC solutions and implies

the importance of the chain-flexibility effect on y in the solutions.

Interfacial properties play important roles in the
kinetics of the phase separation and the morphology of
phase-separating systems. In recent years, they have
been extensively studied for many phase-separating
polymer systems (e.g., polymer blends, polymer solu-
tions, and block copolymers) by various experimental
techniques.! Among the interfaces in those systems, the
isotropic—liquid-crystal interface in lyotropic liquid-
crystalline polymers is unique because it is accompanied
by steep gradients of composition and degree of orienta-
tion. The interfacial tension in those systems deter-
mines the direction of the molecular alignment in the
liquid-crystal phase in the vicinity of the interface.

Recently, we? measured the interfacial tension y
between the coexisting isotropic and nematic phases in
a toluene solution of a poly(n-hexyl isocyanate) (PHIC)
sample; PHIC is a typical semiflexible polymer, and its
solution properties have been extensively studied so
far.37®> The value of y was about twice as large as y
calculated by the theory of Doi and Kuzuu® for solutions
of hard rods. This disagreement may be ascribed to the
effect of the flexibility of PHIC chains, which is known
to strongly affect the isotropic—nematic phase equilib-
rium behavior in this system.37

To examine the chain flexibility effect on y, the
present study investigated the molecular weight depen-
dence of y for toluene solutions of PHIC. The results
are compared with theories for stiff-polymer solutions
in the rod and coil limits.

Experimental Section

PHIC Samples. Five fractionated PHIC samples (R-4, S-3,
K-2, L-2, and M-2) were used for phase separation experiments
and interfacial tension measurements. Samples K-2 and L-2
were obtained by fractionating a PHIC sample degraded with
trifluoroacetic acid,® samples R-4 and M-2 were selected from
our stock, and sample S-3 was the one used in the previous
work.?2 The weight-average molecular weight M, of each
sample was determined by light scattering using hexane or
dichloromethane as the solvent, and the polydispersity index
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Table 1. Characteristics of PHIC Samples Used

sample Mw/10% Mw/Mp® Nd
R-4 9.702 1.06 1.77
S-3 6.242 1.06 1.14
K-2 3.44b 1.05 0.628
L-2 1.96° 1.05 0.358
M-2 1.240 0.226

a Determined by light scattering for hexane solutions. P Deter-
mined by light scattering for dichloromethane solutions. ¢ Deter-
mined by GPC. 9 Calculated from the equation N = My/2qM, with
wormlike chain parameters, M_ = 740 nm~* and q = 37 nm, for
PHIC in 25 °C toluene.lt

Mw/M, by GPC using tetrahydrofurane as the eluent; the
detailed procedure of light scattering measurements is de-
scribed elsewhere.*® The results obtained are listed in Table
1, along with the numbers of Kuhn statistical segments N
calculated from M,. The values of N indicate that the
conformations of the present PHIC samples range from nearly
rodlike to weakly winding. The values of M/M, show narrow
molecular-weight distributions of all the samples.

Phase Separation Experiments. A biphasic test solution
was prepared by mixing a PHIC sample with distilled toluene
in a test tube and stirring the mixture by a magnetic chip for
1-2 days in a 25 °C air bath. Each solution was centrifuged
at 4000 rpm at 25 °C in a Sorval RC centrifuge to achieve a
complete phase separation, and the coexisting isotropic and
nematic phases were separately taken out using pipets. An
aliquot of each separated solution was freeze-dried to deter-
mine the binodal polymer concentration, and then each dried
sample was redissolved in toluene to determine the intrinsic
viscosity at 25 °C. In the following, the binodal concentration
and intrinsic viscosity determined for the isotropic (nematic)
phase will be denoted as ¢, (ca) and [#]i ([#7]a), respectively.
The remaining isotropic and nematic solutions were used for
interfacial tension measurements.

Interfacial Tension Measurements. The interfacial ten-
sion between coexisting isotropic and nematic phases for
toluene solutions of PHIC was determined at 25 °C by the
pendant drop method. The detailed procedure was described
in the previous paper.?
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Table 2. Results of Phase Separation Experiments and Interfacial Tension Measurements for Toluene Solutions of

PHIC

original solution isotropic phase

nematic phase

sample cgecm=2  [yl/lem3gl c/gem=3  [pl/emigt My /10*  calgem=2  [ylalcmigTt  Mya/10*  p(«0)/103 N m~!
R-4 0.201 3.19 0.191 0.210 0.029
S-3 0.209 1.93 0.203 0.221 0.026
S-3 0.210 0.0242
K-2 0.241 0.86 0.233 85 3.30 0.253 91 3.60 0.031
L-2 0.290 0.39 0.287 37 1.90 0.306 41 2.08 0.030
M-2 0.359 0.19 0.351 17 1.10 0.366 19 1.20 0.027
a Obtained in the previous work.2
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Figure 1. Molecular weight dependence of the binodal
concentrations ¢, and ca for the PHIC—toluene system at 25
°C: (O, @) data of the present work; (2, A) data of Itou et al.;’
solid curves, calculated by the scaled particle theory for
wormlike hard-spherocylinders (SC) with the persistence
length g = 37 nm, the molar mass per unit contour length M_
= 740 nm™1, and the hard-core diameter d = 1.07 nm; broken
curves, calculated by the SPT for straight hard-spherocylinders
(SC) with M. = 740 nm~* and d = 1.07 nm.?

Results and Discussion

Coexisting Isotropic and Nematic Phases. Table
2 summarizes the results of the phase separation
experiments for toluene solutions of five PHIC samples,
obtained in the present study. Figure 1 compares our
results for the binodal concentrations with the results
of Itou and Teramoto’ for the same system. Both data
favorably compare with the theoretical results (solid
curves) calculated by the scaled particle theory (SPT)
for solutions of wormlike hard-spherocylinders.31° Here
the theory uses the molecular parameters previously
determined for PHIC in toluene: the persistence length
g = 37 nm, the molar mass per unit contour length M_
= 740 nm™%, and the hard-core diameter d = 1.07
nm.11=13 The broken curves in the figure show the
theoretical values for ¢, and ca calculated by the SPT
for solutions of straight hard-spherocylinders with M
=740 nm~1and d = 1.07 nm. The disagreement of the
hard-rod theory with the experimental results for PHIC
solutions becomes remarkable with increasing the PHIC
molecular weight, which demonstrates the strong effect
of chain flexibility on the isotropic—nematic binodal
concentrations through the conformational entropy loss
of PHIC chains due to the nematic ordering.®1415

Since the interfacial tension is closely related to the
concentration difference between the coexisting two
phases (i.e., the phase gap) as mentioned below, we
compare ca — ¢ calculated from the experimental data
listed in Table 2 with the theoretical results in Figure
2. Both the results of the experiment and the SPT for
wormlike hard-spherocylinders are almost independent

Figure 2. Molecular weight dependence of ca — ¢, for the
PHIC-toluene system: theoretical curves with the parameters
the same as in Figure 1.

of My in the M, range examined, and agreement
between the two results is satisfactory, except for the
lowest molecular weight sample M-2. The phase gap
calculated from the theoretical results of the SPT for
straight hard-spherocylinders is a decreasing function
of the molecular weight and does not agree with the
experimental results.

Table 2 also lists the intrinsic viscosities [7]; and [y]a
in toluene for the PHIC samples recovered from the
coexisting isotropic and nematic phases, respectively,
and the viscosity-average molecular weights M, and
My,a estimated from [5]; and [#]a, respectively, using the
[7]—molecular weight relation of Itou et al.1* For all
the PHIC samples examined, My 4 is slightly larger than
My,i; similar results were obtained for the same system
by Itou and Teramoto.” This demonstrates that the
molecular weight fractionation takes place at the phase
separation, where the higher molecular weight compo-
nents tend to distribute in the coexisting nematic phase
in excess of the lower molecular weight components,6
even though the samples used have considerably narrow
molecular-weight distributions (cf. Table 1).

Interfacial Tension. Figure 3 shows an example
of the meridian curve measured for a pendant drop of
the nematic phase formed in the coexisting isotropic
phase. Here, the x and y axes are chosen to coincide
with the tangent and normal lines at the apex of the
drop, respectively. The midpoints of horizontal seg-
ments cut by the meridian curve, indicated by the
unfilled circles in Figure 3, are on the y axis, which
guarantee the proper choice of the x and y axes.? By
fitting the theoretical meridian curve calculated by the
Young—Laplace equation to the experimental points,2
we determined the radius of the curvature ro at the drop
apex and the dimensionless shape factor j3, both includ-
ing in the Young—Laplace equation.
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Figure 3. Meridian curve for a pendant drop of the nematic
phase formed in the coexisting isotropic phase for a toluene
solution of PHIC sample L-2 at 25 °C (t = 4000 s): filled circles,
experimental data; curve, theoretical result obtained by least-
squares regression; unfilled circles, midpoints of horizontal
segments cut by the experimental meridian curve.
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Figure 4. Plots of y(t) against t* for toluene solutions of five
PHIC samples.

From the results of ro and f3, the interfacial tension y
was calculated by the equation!”-18

y = (ro’1B)gAp 1)

where g is the gravitational acceleration and Ap is the
density difference between the coexisting two phases.
For each solution, Ap was estimated from the binodal
concentrations ¢, and ca determined by the phase
separation experiments (cf. Table 2) using the density—
concentration relation determined in the previous work.2

For higher molecular weight samples, the interfacial
tension calculated by eq 1 decreased with the time t
elapsed after forming the nematic drop from the mi-
crosyringe into the coexisting isotropic solution. To
express explicitly this time dependence, the interfacial
tension is denoted as y(t) in what follows. Figure 4 plots
y(t) against t~! for solutions of five PHIC samples
examined. It can be seen that the time dependence of
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Figure 5. Comparison of y for toluene solutions of PHIC with
various theories:%2%:2428 solid and dash—dotted curves, calcu-
lated with M. = 740 nm™! and d = 1.07 nm; dotted line,
calculated with d = 1.07 nm and g = 37 nm.

y(t) becomes more remarkable as the molecular weight
of the PHIC samples increases. As demonstrated in the
previous study,? PHIC chains in the nematic phase align
parallel to the interface in the equilibrium state, owing
to thermodynamical favorableness. The time depen-
dence of y(t) shown in Figure 4 indicates that the
approach to this equilibrium state is a rather slow
process.

By extrapolating y(t) to infinite t (or t~1 — 0 in Figure
4), we determined the equilibrium interfacial tension
y() for each PHIC sample at 25 °C. The values of
y(c0) are listed in the tenth column of Table 2. The
present result for sample S-3 is in good agreement with
the previous result,?2 which indicates the reproducibility
of y(e0) measurements for this system by the pendant
drop method. From the data in Table 2, it can be seen
that y() is almost independent of the PHIC molecular
weight, almost in parallel with the molecular weight
dependence of the phase gap ca — ¢, shown in Figure 2.

Comparison with Theories. The isotropic—nemat-
ic interfacial tension for hard rodlike polymer solutions
was theoretically calculated by several workers 619724
Most of the theories utilized the free energy density
expression of Onsager?® for solutions of long hard-rods,
which is based on the second virial approximation. The
difference among those theories is the expressions for
the interfacial profiles with respect to the concentration
and degree of orientation, as well as of the orientational
distribution function. Doi and Kuzuu® used trial func-
tions of hyperbolic tangents for those profiles and the
Onsager trial function for the orientational distribution
function, while McMullen?! expressed the orientational
distribution function in a series of spherical harmonics
with the expansion coefficients represented by hyper-
bolic tangent functions. More recently, Chen and Nool-
andi?* calculated the equilibrium concentration and
orientation profiles and also the orientational distribu-
tion function numerically, without assuming any specific
functional forms.

Figure 5 compares the experimental results for y(c)
for PHIC solutions (circles) with those theoretical results
for hard rodlike polymers (solid curves). Here the
theories used the same molecular parameters (M, and
d) as used above to calculate the binodal concentrations
¢y and ca. All the rod theories predict that the isotropic—
nematic interfacial tension is inversely proportional to
the polymer molecular weight, which is inconsistent
with the experimental results.
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The three theories shown in Figure 5 neglect the
contributions to y(e) of the third and higher virial terms
as well as of the noncrossed configuration?>26 in the free
energy density of the system. To assess the importance
of those contributions to y(w), we have extended the
Doi—Kuzuu theory by use of the scaled particle theory
(SPT)326 for straight hard-spherocylinders, without
using the second virial approximation. This extension
is described in the Appendix, and the results are shown
by the dash—dotted curve in Figure 5. The difference
between this theory and the original Doi—Kuzuu theory
is appreciable in the low molecular weight region, and
the theoretical results of the SPT are closer to the
experimental data in this region. However, the agree-
ment between the theory and experiment for y() is not
improved in the high molecular weight region.

The interfacial tension is equal to the excess free
energy of the biphasic system with a real continuous
interface over that of the system with the hypothetical
Gibbs dividing interface.?’ Since the difference between
the two systems in the interfacial region disappears
when the concentration and the degree of orientation
become identical in the two coexisting phases, y(w)
should be primarily correlated with the differences in
the concentration and degree of orientation between the
two phases. In fact, both the phase gap (in Figure 2)
and y(w) (in Figure 5) consistently exhibit molecular
weight independence. As shown in Figure 2, the agree-
ment between experiment (circles) and the SPT for
straight hard-spherocylinders (broken curve) with re-
spect to the phase gap is much improved if the chain
flexibility effect is taken into account in the theory (solid
curve). From this result, it is plausible that the
disagreement between the experiment and rod theories
for y also arises from the chain flexibility effect.

Cui et al.?® and also Grosberg and Pachomov?® cal-
culated y (o) for solutions of wormlike chains in the coil
limit. Figure 5 shows Cui et al.’s results with the
persistence length q = 37 nm, by the dotted line.
Although the molecular weight independence of y() is
in accordance with the experimental results of the
PHIC—toluene system, the absolute values of the theo-
retical y(e) are much smaller than the experimental
values. At present, there are no theoretical calculations
of y for semiflexible polymer solutions with intermediate
flexibility. We desire such a theoretical extension soon.
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Appendix

Doi and Kuzuu® calculated the isotropic—nematic
interfacial tension y for solutions of hard-rods on the
basis of the Onsager theory,?®> which neglects the
contributions of the third and higher virial terms as well
as of the “noncrossed” configuration?® to the free energy.
In this appendix, we consider those contributions to the
free energy by using the scaled particle theory (SPT)
for straight hard-spherocylinders,10-30:31 and assess their
effects on y.

Let us consider an inhomogeneous solution of hard-
spherocylinders with the contour length L. of the
cylindrical part and the hard-core diameter d. When
the generalized density distribution in the solution is
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represented by p(x), where x denotes the set of the
position vector r of the center of mass and the orienta-
tional unit vector a of a spherocylinder, the free energy
functional F[p(x)] may be expressed by?5

= [p6otintoa] - 13 dx -

2 [ dx dx’ [HA@)@o(x.X) +
H (@) @'o(x,x)]p(x)o(X) (A.1)

where &y and ®'g are the Mayer functions with respect
to the hard-core potential in the “crossed” and “non-
crossed” configurations, respectively, and the factors
Ha(¢) and H,(¢) are defined by

o1 2(X' + 1)¢
HA@) = 7= ¢’l1 T ¢)] (A.2)
_ 3 [ sx?*+ex+2]
@)= 41 — ¢>)2[1 (3BX' + 1)2
In(1 —¢) (A.3)

4¢

with X' = L/d and the volume fraction ¢ of the
spherocylinder. The factors Ha(¢) and H,(¢) take into
account the higher virial terms on the basis of the SPT.

According to Doi and Kuzuu,® we use the following
trial function for p(x) in the isotropic—nematic interfa-
cial region:

h 0
P = c@fa@am) = @ G e KOS

(A.4)
where

C@)=¢, + %(c'A — ¢ )itanh(Z/é) + 1]
L (A5)
o(z) = Ea[tanh(z/&) + 1]

In the above equations, c¢'(z) and a(z) are the number
concentration and degree of orientation, respectively, at
the distance z from the Gibbs dividing surface,
f(o(z)a-n) is the orientational distribution function of a
around the director n, ¢y, ¢'a, and a are the equilibrium
number concentrations of the coexisting isotropic and
nematic phases and the equilibrium degree of orienta-
tion of the nematic phase, respectively. Equation A.5
contains a variational parameter & representing the
thickness of the interfacial region, which should be
determined so as to minimize the interfacial free energy.
On the other hand, the bulk properties, c'|, ¢'a, and a,
are determined from the minimization condition of the
bulk free energy obtained from eq Al, as functions of
L. and d.3

Inserting this trial function into eq A.1, we have the
free energy density F(z) as

F@)/kgT =c'(z) In c'(z) + c'(2)oxg(0(2)) +

4H(¢(2)¢(2)c'(2) + %chdHA(qﬁ(Z))C’(Z)2 X

(A.6)

I
plal@) = (L9350
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with
|
og(0(2)) = f f(a(z)a-n) In[4xf(a(z)a-n)] da

p((x(z))=§r f da f da’ |axa'[f(az)a-n)f(a@)a’n)
0@ E;it f da f da’ a,2laxa’lf (az)a-n)f («z)a"n)

tz(z)z;it[c'z(z)/c’(z)] f da f da’ (a2 + &' Alaxa’|f(az)a-n)f,(a2)a'"n)

(A7)

r3(z)5;5t[c'z(z)/c'(z)]2 f da f da’ alaxa’[f(a@)a-n)f(az)a’-n)
|

where c¢',(z) and f,(a(z)a-n) are the spatial differentia-
tions of c'(z) and f(a(z)a-n) toward the z direction
(normal to the interface) and a; is the z component of
a. The interfacial tension y is calculated by

y= f_om[F(Z) —Fldz+ [[IF@) —Fadz (A8)

where F, and F, are the free energy densities of the
isotropic and nematic bulk phases. The integrations
appearing in egs A.7 and A.8 are not possible analyti-
cally, and thus we made numerical calculations. The
final result of v can be written as

ke T
y = diL(KC cos® u + K, sin? u)*? (A.9)
C

where u = cos™!(a-n), and K, and Ks are numerical
constants depending on L. and d. From numerical
integrations, it turns out that K. is larger than Ks, so
that y takes a minimum at 4 = 7/2. Since the minimum
value of y is the equilibrium interfacial tension, we have

kgT

y(w) = d—LKsm (A.10)
C

If we input unity and zero for Ha(¢) and H,(¢), respec-
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tively, we can reproduce the Doi—Kuzuu result: K, =
0.182 and Ks = 0.0660.5
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