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ABSTRACT: The effects of polymer chain ends and polydispersity in the molecular weight were
incorporated into the perturbation theory based on the scaled particle theory for wormlike spherocylinder
solutions, which was previously used to analyze thermodynamic properties of stiff or semiflexible polymer
solutions in terms of intermolecular interactions. The modified theory was applied to three stiff or
semiflexible polymer solutions, poly(n-hexyl isocyanate)—n-hexane, schizophyllan—water, and poly(y-
benzyl L-glutamate)—dimethylformamide, to estimate the intermolecular interaction parameters (the hard-
core diameter d and the strength of the soft attraction). The values of d estimated for all the polymers
are reasonably compared with the diameter calculated from the partial specific volume. The soft attractive
interaction and the polymer-chain-end effect were significant for schizophyllan, but unimportant for poly-

(n-hexyl isocyanate) and poly(y-benzyl L-glutamate).

1. Introduction

The intermolecular interaction of neutral polymers in
solution consists of the hard-core repulsion and soft
attraction. In good solvents, the former is predominant,
while in poor solvents, both interactions are competitive.
The two interactions can be characterized by the
diameter (d) of the hard-core and a parameter ()
related to the binary cluster integral with respect to the
soft attractive potential (cf. eq 2 in the following).! The
second virial coefficient (A;), which is usually used as a
measure of the solvent quality, is proportional to d +
0.

In a previous study,! we proposed a procedure for
estimating d and ¢ separately by the analysis of the
osmotic compressibility ac/dIT at finite concentrations
and A; using a perturbation theory and applied the
procedure to a semiflexible polymer, poly(n-hexyl iso-
cyanate) (PHIC), in dichloromethane (DCM). The value
of d estimated was 1.07 nm, which was favorably
compared with the diameter calculated from the partial
specific volume of the polymer, and the absolute value
of 0 was about one-third of d, which indicates that DCM
is a medium solvent for PHIC.

Since the analysis was concerned with considerably
high molecular weight PHIC samples with sufficiently
narrow molecular weight distributions, we did not
consider the effects of polymer chain ends and also of
polydispersity in the previous data analysis of dc/dIT and
A,. However, those effects are not always negligible.
Recently Yamakawa et al.2~* pointed out that the effect
of polymer chain ends is important to A, of flexible
polymers even at relatively high molecular weights. In
addition to this, thermodynamic properties of stiff-chain
polymer solutions were often studied by using polymer
samples with appreciably broad molecular weight dis-
tributions. Therefore, it may be important to take into
account these two effects for theoretical analyses. In
the present study, we have corrected for these effects
the previous procedure to estimate d and 6. Theoretical
considerations of these effects are described in section
2.

We use this new procedure for analyzing data on three
stiff-chain polymer systems, schizophyllan in water,
poly(y-benzyl L-glutamate) (PBLG) in dimethylform-
amide (DMF), and PHIC in n-hexane. Thermodynamic
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properties required to apply the procedure have already
been measured for schizophyllan®¢ and PBLG”# solu-
tions. On the other hand, the osmotic compressibility
for PHIC in n-hexane was measured by sedimentation
equilibrium in the present study. Section 3 describes
the experimental details, and section 4 analyzes data
of thermodynamic properties for PHIC in n-hexane as
well as for schizophyllan in water and PBLG in DMF
to estimate intermolecular interaction parameters.

2. Theoretical Section

A. Polymer-Chain-End Effect. In the previous
study,! thermodynamic quantities for a wormlike sphero-
cylinder (WSC) solution were formulated by a perturba-
tion theory. The quantities for the reference hard WSC
solution were derived by the scaled particle theory,%10
while the thermodynamic perturbation due to a weak
soft potential between two WSC was incorporated up
to the second virial term. The scaled particle theory
for the reference solution takes into account the end
effect of the hard WSC on the thermodynamic quanti-
ties. However, the perturbation term does not include
the WSC end effect of the soft potential. Here, we
consider this effect by calculating the binary cluster
integral ((Bn0) with respect to the soft interaction
potential (w) of the WSC.11

The soft potential (w) between two WSC can be
calculated by

L/2 L/2

w= (7 ds; [ ds, G(X) 1)
where L is the contour length of the WSC, and G(x) is
the local van der Waals free energy per unit contour
length in solution, which is a function of the distance x
between the interacting contour elements ds'; and ds'y;
si (i = 1, 2) is the contour distance from the middle of
contour of the chain i, which ranges from —L/2 to L/2.
McLachlan213 expressed G(x) in terms of dielectric
polarizabilities of the interacting elements and the
dielectric permeability of the solvent. Since G(x) is
defined in solution, w should be regarded as the
potential of mean force. If the polymer chain ends (or
the hemispheres of the WSC) possess different interac-
tion properties from those of the middle portion, G(x)
also depends on the contour points s; and s, at |si|, |S5|
2z LJ/2 — A. Here, L. is the contour length of the
cylinder part of the WSC which is equal to L — d with
the WSC hard-core diameter d, and A is a maximum
distance where G(x) takes a nonzero value.
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Let us specify the two closest approaching points of
the two WSC contours by the contour distances s; and
s from the middle of each contour. When s; (i =1 and
2) are not close to +L/2, i.e., |si| < LJ2 — A, we can
approximate w to that between two infinitely long WSC,
denoted by w.,. On the other hand, when s; (i =1 and/
or 2) are close to +L/2, we cannot use this approximation
for w. We refer to the former and latter configurations
of two WSC as the crossed and noncrossed configura-
tions, respectively.

The binary cluster integral ({30 is given as the sum
of the contributions of the crossed and noncrossed
configurations. These contributions are presented in
Appendices of the previous! and present papers, respec-
tively. The total cluster integral is written in the form

- %QEWD: %(L')Z[a + 5'(%) + a”(%)z] @

where L' = L — d/3, and 6 , ¢', and J" are the soft
interaction parameters defined by eqs A2 and A5 in the
Appendix. While 6 represents the strength of the soft
interaction in the crossed configuration, ¢' and ¢"
characterize, respectively, the soft interactions between
middle and end portions and between end portions of
two WSC in the noncrossed configuration. Cl..Orepre-
sents the average with respect to the conformation and
orientation of the two WSC.

The soft potential w of the mean force in the non-
crossed configuration can be either attractive or repul-
sive, depending on affinity among polymer middle and
end portions and the solvent.’* Thus ¢' and 6" can be
either positive or negative. On the other hand, the soft
potential w, between neutral polymer chains of the
same kind in the crossed configuration should be
attractive,' so that the sign of 4 must be negative.

We use the shift factor M, the molar mass per unit
contour length of the cylinder part of the WSC, to relate
L to the molecular weight M by

_M_d
L=m *3 3)

Here we have assumed that the end hemispheres and
middle cylinder of the WSC have the same density.
Using this shift factor, we rewrite eq 2

1 .7'L’M2[ ,dML ,,(dML)Z]
EIJBWD= 4M,_2|-6 +0 v +0 M (4)

With this result, the second virial coefficient A, is given
by

=l e B )
A= z[“&* 3tda/m Tletallwm
- (5)

where N is the Avogadro constant and the hard-core
terms of A, were obtained from the scaled particle
theory.1® The correction terms in eq 5 associated with
the polymer chain ends have the same form as Ya-
makawa'’s result? for A,, which was derived using a bead
model.

B. Polydispersity Effect. Thermodynamic quanti-
ties for solutions of polydisperse hard WSC were cal-
culated by the scaled particle theory.®10 After pertur-
bation terms are included, the results for the osmotic
pressure (IT) and the chemical potential (us) of the WSC
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species s in an isotropic state are given by
5l ¢ Bc'? 2Cc”®
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where ¢’ is the total number concentration, xs the mole
fraction of species s, ¥ the number-average volume of
WSC, By s[Othe averaged binary cluster integral for
species s and t, and us° and vs the standard chemical
potential and the molecular volume of species s, respec-
tively. The coefficients B, C, Bs, and Cs are defined in
ref 9, in terms of the contour length Ls and hard-core
diameter d of the WSC species s. We assume that all
WSC species have the same diameter.

It is convenient to rewrite the above equations in
terms of experimentally measurable quantities, the
number-average molecular weight (M) and the total
polymer mass concentration (c). Using the shift factor
M., c is related to the total polymer volume fraction (¢)

by
_ 7d®N,
¢= aM,

c (8)

Calculating the coefficients B, C, Bs, and C; according
to eqgs 10 of ref 9, we obtain

11 =i F1(¢)+ F2(¢)+ Fs ©)
CRT M, “[dM_ " M, ' 2m2
Hs  Ug Ws )
kBT—kBT—I—In 0, —I—In1_¢ +
Fu¢9)  Fid) Fs@)  F;
Ham, T ™, Tm, Tmm, (10)

where ws is the weight fraction of species s in the total
polymer. The coefficients F; (i = 1 — 5) are defined by

PO = s st g (112)
_ 2 ]
Folg) =& 20 (17‘1’_;)?’ +2 (11b)
F, = 2M_, 0" (11c)
_6-8¢+¢° 0
Pl =2 T 5 T 2 (11d)
P = st (11¢)

To obtain egs 11, we have extended the result of eq 4
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for the case of two WSC with different lengths, assum-
ing 0, 0', and ¢" to be independent of the polymer
species. In eq 11c, we have omitted terms due to the
hard-core potential, which are negligibly small.

Thermodynamic properties of polymer solutions were
often studied by sedimentation equilibrium experiment.
In 1970, Scholte!®> proposed a method of analyzing
sedimentation equilibrium data for polydisperse poly-
mer solutions on the basis of the Flory—Huggins theory.
Here, we modify his method by replacing the Flory—
Huggins theory by the perturbation theory.

The sedimentation equilibrium condition is given
by16:17

d
L MS(QB)er N (12)

RT slac/” kgT dr

where R is the gas constant, dp/dc the partial specific
density increment, w the angular velocity, and r the
distance from the centrifugal center to some position of
the solution column under consideration. Here the
density (p) has been assumed to depend on ¢ but not on
the polymer composition ws. Since the scaled particle
theory treats a system at constant T and solvent (or
diffusible component) chemical potential («p), one should
use dp/oc at constant T and up. For single solvent
systems, dp/ac at constant T and up can be approximated
to that at constant T and pressure.

According to Scholte’s treatment, we can obtain the
following equation from egs 10 and 12

_co(N@plac)o’r 1

200 = T deryar Mo T
Fel9) Fio) Fi(e) Fs
¢[ M, M) T M) MM
(Fa(9) + F3/M(N)[1 + ¢(Fy(¢) + Fo/M ()]
Y 1+ ¢FY ] (13)
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ol 1te O
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Fle) =3 e t3 (119)
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The left-hand side of eq 13 can be determined by a
sedimentation equilibrium experiment. In a usual low-
speed experiment of sedimentation equilibrium for
concentrated solutions, c(r), Mp(r), and M,(r) at the
middle portion of the solution column can be ap-
proximated to ¢, My, and M, of the original solution,
respectively. For a polymer sample with a narrow
distribution, the term proportional to Y in eq 13 is
negligible, and thus the right-hand side of eq 13 can be
approximated by (RT)~13I1/dc for a monodisperse poly-
mer solution with the molecular weight M equal to
Mw(r), which is given from eq 9 by

1901 _ 1 Fo(#) Fa9) +Fi(¢) F3
RToc M am. "= m g Y

Macromolecules, Vol. 30, No. 3, 1997

Table 1. Molecular Characteristics of the PHIC Samples

Used
A2/1074 cm?3
sample Mw/10% g2 mol Mw/Mp2
No-15 1.80° 9.5b 1.04
No-34 7.25P 10.8P 1.03
7.94¢ 10.1¢
NRX-VII-d 11.7¢ 9.2¢ 1.07

a Determined by GPC. b Determined by sedimentation equilib-
rium. ¢ Determined by light scattering.®

Equation 6 gives us the osmotic second virial coefficient
A0 in the form

OS_ﬂdNA é 8 ngL 4 i dMm, \?
A; —4M21+d+ 3+d_Mn + 9+d _Mn

L
(15)

On the other hand, using eq 7, thermodynamic theo-
riesl’ for light scattering and sedimentation equilibrium
yield the second virial coefficients for light scattering
(A2-S) and for sedimentation equilibrium (A,SE) as

ALS = ASE =
7dN, o (8, 0\dAML (4  o"|([dM.)?
v 1+6+(§+E v, Lo T d)lm, ]| 4O

where M, is the weight-average molecular weight. The
equality of A,SE with A,LS holds in a low-speed experi-
ment.t?

C. Method of Determining the Interaction Pa-
rameters. Equation 15 or 16 can be rewritten as

(A = A, = | + SIM, (17)
where
X N4 B N4 8 .
A, X = 4|v|L2(d +0) = (3d + a)
2
Na/4 "
=—f5d+0o ) (18)

[(X, X) = (OS, n), (LS, w), or (SE, w)]. The second virial
coefficient A ..X without including the polymer-chain-
end effect can be equated to AJX at sufficiently high
molecular weight. On the other hand, the quantities |
and S may be estimated by the intercept and slope,
respectively, of the plot of (A2X — Az X)My vs 1/My. This
procedure of estimating | and S was originally applied
to flexible polymer solutions by Einaga et al.,? although
Az X must be calculated theoretically for this case.

If some value is chosen for d, the values of 6, ¢', and
o' can be calculated, respectively, from A%, I, and S
estimated by the above procedure using egs 18, and
furthermore IT or Z(r) using egs 9 or 13 with these
interaction parameters. The value of d may be deter-
mined by fitting the calculated IT or Z(r) to experimental
results up to high concentrations. This procedure will
be applied to some stiff-chain polymer solutions in
section 4.

3. Experimental Section

Three fractionated samples of PHIC were chosen from our
stock for sedimentation equilibrium experiment. The poly-
dispersity index My/M,, determined by GPC, was less than
1.1 for all the samples (cf. Table 1).
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Figure 1. Sedimentation equilibrium data for n-hexane
solutions of three PHIC samples at 25 °C: (O) experimental
data of Z(rm) (cf. eq 13), (—) theoretical values calculated by
eq 13 with d = 1.10 nm. The data points and theoretical curves
for samples No-15 and No-34 are shifted upward by the
amount indicated in the parentheses.

A sedimentation equilibrium experiment for n-hexane solu-
tions of PHIC was done at 25 °C by using a Beckman—Spinco
model E ultracentrifuge. The concentration distribution in
PHIC solutions under a centrifugal field was determined using
the Rayleigh interference optics at ¢ < 5 x 1072 g/cm® and
using the Schlieren optics at higher concentrations. The rotor
speed was chosen at a value between 6800 and 15 000 rpm
for each PHIC sample, and the length of the solution column
was adjusted to ca. 1.5 mm.

From the sedimentation equilibrium data for dilute solu-
tions, the weight-average molecular weight (M,) and the
second virial coefficient (A25F) were determined for samples
No-15 and No-34 by the conventional method.®> The polydis-
persity effect on A% was negligible under the above-
mentioned experimental conditions. The results are listed in
Table 1.

For concentrated solutions, the quantity Z(ry) defined by
eq 13 at r = ry, was calculated from sedimentation equilibrium
data as a function of the polymer concentration ¢ and M,,. For
most sedimentation equilibrium experiments performed, c(r)
at the middle portion ry, of the solution column agreed with ¢
of the original solution within 1%.

To calculate Z(rm), dp/dc and an/ac (the specific refractive
index increment) were determined for n-hexane solutions of
PHIC at 25 °C over the concentration range examined by
sedimentation equilibrium. The results were 0.368 for dp/dc
and 0.126 cm?/g for an/ac (at 546 nm), irrespective of ¢ up to
0.11 g/cm3. These results are in good agreements with those
determined by Murakami et al.*® in a low-c region.

4. Results and Discussion

A. Poly(n-hexyl isocyanate) in n-Hexane. Figure
1 shows the plots of Z(rm) against ¢ for three PHIC
samples in n-hexane at 25 °C. The intercepts of the
plots for samples No-15 and No-34 give the values of
Mw(rm) (cf. eq 13) which agree with M,, obtained from
the conventional data analysis.'6~18 The data points for
each sample follow a curve convex downward. This
curvature indicates the breakdown of the second virial
approximation for the PHIC solutions at high concen-
trations, because Z(ry,) should be identified with
(RT)~1aI1/ac in a good approximation (cf. eqs 13 and 14)
for the PHIC samples with narrow molecular weight
distributions (see Table 1).

Figure 2 shows A,'S and A,SE data for PHIC in
n-hexane at 25 °C obtained by Murakami et al.l®
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Figure 2. Molecular weight dependence of the second virial
coefficient for PHIC in 25 °C n-hexane (O, ®'8), schizophyllan
in 25 °C water (®%), and PBLG in 30 °C DMF (a"). The
experimental methods are identified by circles with and
without pips for A,SE and A,LS, respectively, and triangles for
A;°S; the theoretical values calculated by eq 16 (or eq 18) with
the parameters listed in Table 2 are indicated by the solid
curves.

(unfilled circles), by Jinbo et al.1® (filled circles without
pips), and in the present study (filled circles with pips;
cf. Table 1). It can be seen that A,-S and A,SE are almost
independent of M,y at My, < 2 x 106 but A,-S decreases
at higher My,. The constant second virial coefficient
indicates that the polymer end effect is not important
for PHIC in n-hexane, while the decrease of A;-S at
higher M,, may be ascribed to the effect of multiple
contacts between two long PHIC chains, which is not
considered in eq 16.2° In the following data analysis
using the perturbation theory explained in section 2,
we neglect the A,-S data at M,, > 2 x 108,

We obtain 9.7 x 1074 cm3g~2 mol by averaging A,-S
and A,SE at M, between 3 x 10°% and 2 x 108 and take
this value as A, %, the second virial coefficient without
including the polymer-chain-end effect (X = LS or SE).
This average value gives the relation d + 6 = 1.09 nm
from eq 16; here we used 730 nm~1 for M_ of PHIC in
n-hexane estimated recently by Norisuye et al.?!

Using this A% and the ten low molecular weight
data of A%, we plot (AX — Az*)My, against 1/My, in
Figure 3 (filled and unfilled circles). Although the
plotted points are slightly scattered, they appear to
follow the solid line in the figure with the zero intercept
and slope. From egs 18 with | =S = 0, we can estimate
the ratios of 6'/d and ¢6"/d to be —8/3 and —4/9,
respectively. However, the factors dM_ /M, and its
square in eq 16 are so small at My, = 1 x 10* (cf. Table
2 for the value of d) that the estimates of §'/d and ¢"'/d
are not decisive.

Using the above three relations among d, 6, ¢', and
0", we searched for a value of d which leads to the best
fit of eq 13 to experimental results of Z(r) shown in
Figure 1. In this search, My(rm) and Mpg(ry) were
equated to My, and M, of the original PHIC samples (cf.
Table 1), and the volume fraction ¢ was calculated by
eg 8 with ¢ and d chosen. The solid curves in Figure 1
represent the theoretical values for Z(r,) with the
optimum d value of 1.10 nm, which are seen to repro-
duce the data for the three PHIC samples. The values
of the interaction parameters d, 6, ¢', and 6" determined
are summarized in Table 2. As mentioned above, the
values of ¢’ and ¢’ contain some uncertainties, but they
may not affect the determination of d and 6, because of
small contributions of the polymer end effect to Z(rm)
at My, = 1 x 104
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Figure 3. Plots of (A — Az.X)My vs 1/My for PHIC in
n-hexane, schizophyllan in water, and PBLG in DMF. The
symbols are the same as those in Figure 2.

Table 2. Interaction Parameters of Stiff-Chain Polymers

in Solution
polymer solvent d/mm 6/mm  6'/mm ¢"/nm d,/nm2
PHIC n-hexane 1.10 -0.01 -29 -05 121
DCM 1.07b —0.36° 1.25
schizophyllan water 1.75 -0.72 7.3 300 1.68
PBLG DMF 142 -0.13 -19 2 1.56

a Calculated by d, = (4vspM/TNA)Y2 from the partial specific
volume (vsp). P Estimated in ref 1.

For each sample, the values of Z(ry,) calculated by eq
13 closely agreed with (RT)~1aIT/ac calculated by eq 14
with M = M,, and the values of d, ¢, ¢', and ¢" listed in
Table 2. Therefore, the polydispersity effect is not
important for our fractionated PHIC samples. In a
previous study,! we analyzed data of Z(ry,) and A, for
PHIC with My, > 1 x 10° in dichloromethane using eq
14, without considering the effects of polydispersity and
polymer chain ends. The unimportance of both the
effects for fractionated PHIC samples justifies the
previous analysis.

B. Schizophyllan in Water. Yanaki et al.> meas-
ured A,SE for a rigid triple helical polysaccharide,
schizophyllan, in water by sedimentation equilibrium.
Figure 2 reproduces their results with half-filled circles.
Although the data points are scattered, A,SE shows an
upswing at My, < 3 x 105, while it appears to be constant
at higher My,. We ascribe this upswing to the polymer-
chain-end effects embodied in eq 16.

Figure 3 shows the plot of (AzSE — Az «SE)My vs 1/My,
for schizophyllan in water with half-filled circles. Here
we have used the experimental data at M,, < 2 x 108
(except for two small A,SE data) and the value 1.05 x
1074 cm? g=2 mol for A,.SE. From this plot, we have
estimated | and S to be 4.6 cm3/g and 4.3 x 105 cm?/
mol, respectively (cf. the straight line indicated in the
figure).22 The solid curve in Figure 2 is drawn by using
eq 17 with the values of A,.5E, I, and S determined.

Van and Teramoto® presented Z(rn,) data for aqueous
solutions of schizophyllan up to the vicinity of the
isotropic—cholesteric phase boundary concentration.?3
Their results are shown by circles in Figure 4. As in
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Figure 4. Concentration dependence of Z(r,) for aqueous
solutions of schizophyllan at 25 °C: (O) experimental data
obtained by Van and Teramoto,® (—) theoretical values calcu-
lated by eq 13, (...) theoretical values for the lowest molecular
weight sample without considering the polydispersity effect
(calculated with eq 14). The data points and theoretical curves
except for the highest molecular weight sample are shifted
upward by the amount indicated in the parentheses.

the case of n-hexane solutions of PHIC, a d value fitting
eq 13 to those experimental results was sought by trial
and error. In eq 13, ¢, ¢', and 6" were calculated by
egs 18 with d chosen and A;.SE, I, and S estimated
above. In eq 13, the values of M, [=Mpy(rm)] were
estimated from M,/M,, (=1.2) measured for the samples
by assuming the Schultz—Zimm distribution (i.e., My/
My = 2 — M,/M,,), and the reference value® of 2150 nm~!
was used for M.

The solid curves in Figure 4, representing theoretical
values for d = 1.75 nm, satisfactorily agree with the
data points for all the three schizophyllan samples. The
interaction parameters estimated for the schizophyl-
lan—water system are listed in Table 2.

If the effect of polydispersity in the molecular weight
is neglected, Z(rm) becomes identical with (RT)1oI1/ac
(cf. section 2B), and its theoretical values are slightly
changed, as indicated by the dotted curve for the lowest
molecular weight sample in Figure 4. Here we have
used eq 14 with M = My, and the same interaction
parameters. Therefore, the neglect of the polydispersity
effect may provide some error in determining the
interaction parameters. It is noted that the fitting
shown by the solid curve in Figure 4 is better than the
previous fitting'%24 considering neither intermolecular
soft interactions (0 = ¢' = 6" = 0) nor the sample
polydispersity.

C. Poly(y-benzyl L-glutamate) in Dimethylform-
amide. Kubo and Ogino”® measured the osmotic pres-
sure (IT) and A,°S for DMF solutions of PBLG. Their
results are shown with circles in Figure 5 and with
triangles in Figure 2, respectively. Using these data,
we estimated the interaction parameters of PBLG in
DMF. First, the A;°S data was analyzed with eq 17.
The values of A;.0S, I, and S were determined to be
2.9 x 1074 cm? g=2 mol, 0.85 cmd/g, and 2 x 103 cm?/
mol, respectively (cf. Figure 3), and these values
reproduce the A,°S data as shown by the solid curve in
Figure 2.

The osmotic pressure data?® were compared with eq
9. When d is chosen to be 1.42 nm, the theoretical
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Figure 5. Concentration dependence of IT for DMF solutions
of PBLG at 30 °C: (O) experimental data obtained by Kubo
and Ogino,”® (—) theoretical values calculated by eq 9.

curves shown in Figure 5 fit closely to the data points.
Here we have used 1450 nm~* for M.?6 The interaction
parameters are listed in Table 2. However, the value
of 6" may not be decisive due to the scatter of the data
points shown in Figure 3.

5. Concluding Remarks

The present study estimated the intermolecular in-
teraction parameters (d, 6, ¢', and ¢") for three stiff-
chain polymer solutions, PHIC in n-hexane, schizophyl-
lan in water, and PBLG in DMF. Table 2 summarizes
the results along with the previous results! for PHIC
in dichloromethane (DCM). (For the PHIC—DCM sys-
tem, the effect of polymer-chain ends was not consid-
ered, because the previous analysis was made only for
high molecular weight PHIC samples.) The values of
the hard-core diameter (d) estimated for all the poly-
mers are reasonably compared with the diameter (d,)
calculated from the partial specific volume (vsp) listed
in the seventh column of Table 2. So far, isotropic—
liquid crystal phase boundary concentrations for various
stiff-chain polymer solutions were often analyzed by
using d,.19 The good agreement between d and d, in
Table 2 justifies the previous analyses.

While the values of d of PHIC in n-hexane and DCM
are close each other, |6| of PHIC in n-hexane is much
smaller than that in DCM. This indicates that the soft
attractive interaction is less important for PHIC in
n-hexane than in DCM. From the value of |J], it turns
out that the soft attractive interaction is of minor
importance for PBLG in DMF but appreciable for
schizophyllan in water.

The triple helix of schizophyllan was reported to be
unstable in water at very low molecular weights.2” This
suggests that the helix is unwound at its ends, and thus
the unwound ends of the helix may have interaction
properties considerably different from those of the
middle portion. The large values of |6'| and |0"| for
schizophyllan may reflect this difference.

Acknowledgment. The authors wish to thank Pro-
fessor T. Norisuye in our Department, for valuable
comments and discussion, and also one of the reviewers,
for important comments. This work was partially
supported by a Grant-in-Aid for Scientific Research from

Interaction of Stiff-Chain Polymers 595

the Ministry of Education, Science, and Culture of
Japan.

Appendix

The binary cluster integral ([0 with respect to the
soft potential (w) of mean force of the WSC can be
calculated by?!

B,O= [ ds, [* ds,20+2 " ds, [ ds, 20, +
2f_|| ds, f__l,' ds, 26m+ﬁr ds, ﬁ' ds, 26, +
2" ds, [ ds,20,.+ [ ds, [ ds, 20, (A1)

Herel=LJ/2 — A I'=L12+ A

_ % [ dr ma(sl) x a(s,) exp(— :: °_°r) - 1]D (A2)

0

and

Ong

)— 1D (A3)

where r' is the distance between the closest contour
points s; and s, a(s;) is the unit tangent vector to the
contour point s, d' is the shortest distance between s;
and s, when the WSC hard cores do not overlap in the
noncrossed configuration, w. and w, are w in the
crossed and noncrossed configurations, respectively, and
Ol..Orepresents the average with respect to the confor-
mation and orientation of the two WSC.

Writing the kth term Iy in the right-hand side of eq
Al as

4 o w
—— dr@xp(—

nc
kgT

(L, — A)(A + %d)ék (k= 2,3)
Ik = 1 .\2 (A4)
(A + Zd) o (k = 4,5,6)
we obtain eq 2 in the text, where the interaction
parameters 6' and 6" are defined by

I_ﬂ 1 l — ! 1

P :n(A + 4)(52+53) 4(A + 2)5

"o__ ] 12 _§ I 1 ' 1

P :4(A + 2) P H(A + 2)(A + 4)(52+53)+
Har+ 20, + 05+ 09)
.7'[( 4) 4 5 6

(A5)

with A" = A/d. In the liquid crystalline state, the
parameter ¢ depends on the degree of orientation, while
Ok (k = 2 — 6) are approximately independent of the
degree of orientation.
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