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ABSTRACT: Light scattering and sedimentation equilibrium measurements were made on 
concentrated solutions of a rodlike polysaccharide schizophyllan using three samples of different 
molecular weights. The data were analyzed to obtain the partial derivative [ilil.u0 lil¢]Mn of the excess 
chemical potential of the solvent with respect to the polymer volume fraction ¢. The results for 
isotropic solutions were analyzed by the theory of Flory and Abe for rodlike polymers, yielding a 
non-vanishing interaCtion parameter X· For any of the samples investigated, x was negative and 
decreased with increasing ¢. No appreciable dependence of x on molecular weight was found. 
Sedimentation measurement was also made on biphasic mixtures consisting of isotropic and 
cholesteric phases at equilibrium to evaluate [illl.u0 lil¢]Mn at the phase boundary in the two phases. 
No theory was found to describe precisely our experimental data. 
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A solution of a rodlike polymer forms an 
anisotropic phase at high concentration, and 
separates into equilibrium isotropic and an
isotropic phases at a certain intermediate con
centration. Such phase behavior as well as the 
thermodynamic properties of these phases can 
in principle be predicted if relevant expressions 
are available for the chemical potentials of the 
components involved. The theories so far de
veloped along this line of thought indicate that 
an asymmetric shape of the polymer is of 
primary importance for the formation of an 
anisotropic phase. 1 - 4 However, it is predict
ed1-3 that intermolecular interactions also 
play an important role in the phase behavior. 
Thus, knowledge of the chemical potentials is 
essential for testing theoretically predicted 
phase relationships. As far as we are aware, 

attempts to approach such knowledge have 
been made only by Kubo and Ogino5 •6 who 
studied the system poly(y-benzyl L-glutamate) 
+dimethylformamide. They obtained thermo
dynamic data that could be compared favor
ably with the prediction of Cotter's theory.4 

Applicability of this theory to other systems is 
yet to be seen. 

* To whom correspondence should be addressed. 

For the reason given below, aqueous schizo
phyllan, in which this rodlike polysaccha
ride7·8 forms a cholesteric mesophase at high 
concentrations,9 -u cannot be regarded as an 
athermal solution of hard rods in a non
interacting medium. The average value of the 
second virial coefficient for aqueous schizo
phyllan at 25°C is 1.25 x I0- 4 molcm3 g- 2 .7·8 

Analysis of this value by Zimm's theory of 
rodlike polymers12 gives 1.2 nm for the diam-
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eter of the schizophyllan triple helix. This is 
smaller than 1.67 nm calculated from the par
tial specific volume of schizophyllan in water 
at infinite dilution (0.619 cm3 g - 1) and the 
molecular weight per unit length ML of 2140 
nm - 1 and also smaller than the hydrodynamic 
diameter nm reported by Norisuye 
and coworkers. 7•8 These disparities suggest 
that concentrated aqueous schizophyllan is 
non-athermal and its thermodynamic proper
ties cannot be described in terms of the geom
etry of the schizophyllan helix alone. There
fore, we attempted to directly evaluate the 
thermodynamic properties of aqueous schi
zophyllan. Thus, light scattering and sedimen
tation equilibrium measurements were made 
on isotropic solutions and sedimentation 
measurement was made on biphasic mixtures. 
The resulting data were treated according to 
Scholte13 •14 to obtain the solvent chemical 
potential. This paper describes the experimen
tal results and their comparison with theoreti
cal predictions. 

EXPERIMENTAL 

Polysaccharide Samples 
Sonicated schizophyllan samples supplied 

by Taito Co. were purified or separated into 
many fractions from aqueous solutions with 
methanol or acetone as the precipitant in our 
laboratory. Five fractions were chosen from 
them and designated as SPG-3' (Mw= 159000, 
Mz/Mw= 1.2), R23 (Mw=245000, Mz/Mw= 
1.2), D40 (Mw=478000, Mz/Mw= 1.2), SPG-
01 (Mv= 105000), and E-4 (Mv= 150000). The 
molecular weights of these samples were de
termined by sedimentation equilibrium mea
surement or viscosity measurement on dilute 
solutions at 25oC; the intrinsic viscosity [IJ]
Mw relationship of Yanaki et al. 8 was used to 
obtain the viscosity-average molecular weight 
Mv. For light scattering measurement, sample 
R23 was dissolved in water at about 1 wt%, 
filtered through a Millipore filter GSWPO 2500 
of pore size 0.22 f.1m, and freeze-dried. 
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A required amount of a schizophyllan sam
ple was dried in vacuo overnight and mixed 
with water in a stoppered flask. The mixture 
became transparent within two days. Disso
lution was effected by slowly rotating the flask 
or by stirring the mixture by a magnetic bar. 
The polymer weight fraction w was determined 
gravimetrically except for R23 solutions; those 
of R23 solutions were determined by refrac
tometry after the light scattering measurement. 

Refractive Index and Density Measurements 
Refractive indices n for light of the wave

lengths 436 and 546 nm were measured on 
aqueous solutions of the sample E-4 over the 
polymer concentration range up to 15 wt% at 
25°C. A Bausch & Lomb precision sugar re
fractometer was used. The values of n obtained 
are plotted against w in Figure 1, where the 
solid curves follow the data points for the 
respective wavelengths. Owing to the difficulty 
in handling highly viscous solutions and a 
limited amount of the sample available, no 
sufficient data were obtained to determine the 
n vs. w relationship accurately. Therefore, we 
searched for appropriate relationships giving 
an initial slope consistent with the literature 
specific refractive index increment at infinite 

436 nm 

1.36 

546 nm 

1.33L__ __ __L __ __JL_ __ _l_ _ _j 

0 0.05 0.10 0.15 

w 

Figure 1. Concentration dependence of refractive in
dex of aqueous schizophyllan at 25oC; solid lines, calcu
lated from eq 1. 
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dilution7 and a reasonable n value at w= 1, i.e., 
for the pure polymer. The resulting equations 
are 

n = 1.3339 + 0.1416w+0.123w2 -0.03124w3 

(546nm) (1) 

n = 1.3397 +0.1446w+0.115w2 -0.0243w3 

(436nm) 

Densities of aqueous solutions of sample 
SPG-0 1 were measured on a Lipkin-Davison 
type pycnometer of 5 cm3 capacity over the 
concentration range up to 9.5 wt% at 25oC. 
The data for the specific volume v of isotropic 
solutions obtained were fitted by the equation: 

v= 1.003-0.384w+0.03w2 (2) 

This was determined by the same method as 
used in deriving eq 1. 

Light Scattering Measurement 
A FICA 50 automatic photogoniometer was 

used with cylindrical cells of 1. 8 em in diam
eter. Intensities of scattered light were meas
ured for vertically polarized incident light of 
the wavelengths 546 and 436 om at scattering 
angles between 30 and 150°. Appropriate neu
tral density filters were used to attenuate strong 
436 om intensities. The transmittances of the 
filters were determined from the ratio of the 
90o scattering intensities measured with and 
without the filter on aqueous schizophyllan or 
a polystyrene-xylene solution. The photogon
iometer was calibrated with benzene according 
to the procedure established in our laboratory. 
Test solutions were filtered through a Millipore 
filter of the pore size 0.22 11m and centrifuged 
directly in the light scattering cell. 

Sedimentation Equilibrium Measurement 
Sedimentation equilibrium measurement on 

isotropic solutions was made by using a 
Beckman-Spinco Model E analytical ultra
centrifuge equipped with a schlieren optical 
system at 25°C. A Kel-F 12mm cell or an 
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Epon 30 mm double-sector cell was used and 
the solution column was adjusted to a length 
between 0. 7 and 1.5 mm. The rotor speed was 
chosen at 3000--4000 rpm. 

For a biphasic mixture, an appropriate 
volume of it was placed in a Kel-F cell and the 
whole cell assembly was kept at 30°C at least 
for two days to effect phase separation. The 
cell assembly was then loaded on a J-rotor 
heated at 30oC and centrifuged at a rotor 
speed between 2000 and 5600 rpm. The length 
of the solution column was adjusted between 
1.5 and 4.3 mm. 

TREATMENT OF LIGHT SCATTERING 
AND SEDIMENTATION EQUILIBRIUM 

DATA 

Consider a solution consisting of a polymer 
and a single solvent; the polymer may or may 
not be monodisperse in molecular weight. In a 
light scattering measurement, vertically polar
ized light is incident on the solution and the 
intensity of scattered light is measured as a 
function of the scattering angle () to obtain the 
reduced excess scattering intensity R 0• The 
quantity ZLs defined by 

ZLs= _ RTKM0 wv (3) 
Ro 

can be related to the thermodynamic prop
erties of the solution. Here, R0 is the value of 
R0 extrapolated to the zero scattering angle, 
M 0 t.he molecular weight of the solvent, 15 v the 
specific volume of the solution, and K the 
optical constant defined by 

4n2n2(on/ow? 
K 4 (4) 

NAAo 

with NA the Avogadro number, onjow the 
specific refractive index increment on the 
weight fraction basis, and ,{0 the wavelength of 
incident light in vacuo. For a monodisperse 
solute, ZLs is equal to the partial derivative 
[oLlJ1ofow] of the solvent chemical potential 
with respect to w at fixed temperature and 
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pressure. 13 ' 14 

For aqueous schizophyllan, the values of 
i'Jnli'Jw and vas functions of w can be obtained 
using the relations established (eq 1 and 2). 
Thus, with the known values of N A and Jc0 , 

light scattering measurement allows ZLs to be 
evaluated for isotropic solutions of schizo
phyllan. In so doing, M 0 was taken to be 2200 
for the reason given in the following section. 

Next, consider the same polymer solution at 
sedimentation equilibrium in an ultracentri
fuge cell. A sedimentation equilibrium mea
surement gives the refractive index gradient 
dnldr in the solution as a function of the 
distance r from the center of rotation. A quan
tity ZsED (essentially the same as ZLs) is ob
tained from dnldr by 

M 0w(r)rw2(i'Jvji'Jw)(i'Jnji'Jw) (5) 
ZsED v(dn/dr) 

where w is the angular velocity, w(r) the poly
mer weight fraction at r, and i'Jvli'Jw the partial 
derivative of v with respect to w. When the 
rotor speed is low and the solution column is 
short, the concentration gradient developed in 
the cell is almost constant throughout the 
entire solution and w(r) at the midpoint of the 
solution is very close to the weight fraction in 
the original solution, which is hereafter de
noted by w. Thus, the sedimentation equi
librium method allows us to evaluate ZsED for 
a known w. A similar analysis may be made for 
phase-separated solutions as well if w(r) at the 
phase boundary can be determined. 

Actually, sedimentation equilibrium mea
surements on isotropic solutions of schizophyl
lan were carried out under the conditions 
specified above and the data were analyzed by 
eq 5 along with the data for i'Jnli'Jw, v, and 
i'Jvli'Jw presented in the Experimental section. 
Similar measurements were also made on hi
phasic mixtures, using solution columns some
what longer than those for the isotropic so
lutions. 

In what follows, we express Z x (X= LS, 
SED) in terms of the polymer volume fraction 
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¢defined by 

c/J=wvPI[wvP+(l-w)v0 ] (6) 

where vP is the partial specific volume of the 
polymer at infinite dilution and v0 the specific 
volume of the pure solvent; vP =0.619 cm3 g- 1 , 7 

and v0 = 1.0029 cm3 g - 1 . Thus, we use the 
quantities [i'Jil,u0 li'J¢lx defined by 

[i'Jil,u0 li'J¢]x=Zx(i'Jwli'J¢) (X=LS, SED) (7) 

EXPERIMENTAL RESULTS 

Light Scattering Data 
Figure 2 shows the scattering angle IJ de

pendence of n2 I R8 for light of wavelength 
546 nm at different polymer concentrations. It 
can be seen that the data points at each 
concentration are fitted closely by a straight 
line, allowing an accurate estimation of the 
ordinate intercept n2 I R0 to be made, where n is 

w = 0.1316 
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Figure 2. Plots of n2 I R0 for light of wavelength 546 nm 
vs. sin2 (8/2) for isotropic solutions of sample R23 at 
25°C. 
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Table I. Light scattering data for aqueous solutions of R23 at 25°C 

546nm 436nm 

w <P n2/Ro - [8LlJlo/8</J ]Ls - [8LlJlo/8</J JMn n2/Ro -[8LlJlo/8¢ks - [8LlJlo/8</JJMn 

em nm Jmol- 1 Jmol- 1 em nm Jmol- 1 Jmol- 1 

0.0590 0.0373 2190 34 198 207 
0.0868 0.0554 2670 25 362 370 
0.1269 0.0823 2510 34 531 539 
0.1281 0.0831 2800 29 597 605 
0.1316 0.0855 2480 33 627 635 

the refractive index of the solution. The result
ing values of R0 are used to calculate ZLs by 
the procedure described in the previous sec
tion. The data at 436 nm showed substantially 
the same trend as those at 546 nm and analyz
ed in the same way. The numerical data of ZLs 

for sample R23 are summarized in Table I. 
The values of ZLs at 546 and 436 nm agree with 
each other, except for the case of w=0.1281. 

From the slope S0 of the straight line in 
Figure 2 we calculated the quantity (S2 )app 
defined by 

(8) 

where c is the mass concentration of the 
polymer and Kc is equal to K with on/ow 
replaced by on/oc. (S2 )app reduces to the 
mean-square radius of gyration of the poly
mer, <S 2 )z at infinite dilution. It can be seen in 
Table I that the values of <S 2 \PP are close to 
33 nm, which is the <S 2 \ value interpolated at 
the sample's Mw from the (S2 )z-Mw rela
tionship of Kashiwagi et a/. 16 This agreement 
may be taken to guarantee the accuracy of R0• 

Indeed, our experience showed that <S 2 )app 
was larger for larger R0 , indicating that optical 
purification was not satisfactory in such a case. 

Sedimentation Equilibrium Data for Isotropic 
Solutions 
Sedimentation equilibrium measurements 

on isotropic solutions of samples R23, D40, 
and SPG-3' were performed using relatively 
short solution columns and low rotor speeds, 
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900 36 200 209 
1075 26 365 373 
1010 38 532 540 
1080 32 575 583 
1120 26 616 624 

so that centrifugal fractionation might be 
minimized. The results obtained at different 
rotor speeds agreed with each other within the 
experimental error. The results are given in 
Tables II through IV. 

Chemical Potential of the Solvent 
According to Flory and Abe, 17 the chemical 

potential of the solvent in an isotropic solution 
of polydisperse rods is expressed as 

L\J10 =RT[ln(1-¢)+(1-1/xn)¢+ x¢2] (9) 

where x11 is the number-average axial ratio and 
x is the interaction parameter which may 
depend on ¢: z = 0 for an a thermal solution. 
Except for some trivial terms, this expression 
and those for the solute chemical potentials are 
the same as their counterparts for isotropic 
solutions of flexible polymers. Therefore, we 
use Scholte's methods13 •14 for flexible poly
mers to obtain the solvent chemical potential 
from light scattering and sedimentation equi
librium data. 

His method utilizes the relation: 

[oL\J1o/o¢lMn = [oL\J1o!o¢]x 

-RTM0(1/Mn-11Mw)(owfo¢) 

(X=LS, SED) (10) 

where the subscript Mn indicates that the dif
ferentiation is performed at fixed M,. This re
lation shows that both light scattering and 
sedimentation equilibrium measurements 
should give the same information, i.e., ZLs = 
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Table II. Sedimentation equilibrium data for concentrated isotropic 
solutions of sample R23 at 25oC 

Rotor speed dnjdr - [88/1of8¢lsED 

rpm I0- 3 cm- 1 Jmol- 1 

0.0373 4400 8.69 210 0.059 219 
0.0554 8.44 331 0.0868 339 
0.0831 8.09 527 0.1281 535 

w 

0.0196 
0.0321 
0.0494 

0.0618 
0.0712 
0.0794 
0.0905 

w 

0.0246 
0.0249 
0.0503 
0.0700 
0.0745 
O.Q981 
0.1082 
0.1285 
0.1539 

Table III. Sedimentation equilibrium data for isotropic solutions 
of sample 040 at 25oC 

Rotor speed dnjdr - [88!1o/8r/JJsED 
q, 

rpm I0- 3 cm- 1 Jmol- 1 

0.0122 2980 3.88 69.8 
0.0200 4.13 108 
0.0311 2980 4.28 165 

3370 5.42 163 
0.0391 2980 4.11 216 
0.0452 4.14 251 
0.0505 4.07 286 
0.0579 4.10 327 

Table IV. Sedimentation equilibrium data for isotropic solutions 
of sample SPG-3' at 25oC 

Rotor speed dnjdr - [88/1o/8r/JJsED 
q, 

rpm I0- 3 cm- 1 Jmol- 1 

0.0153 3370 3.43 129 
0.0155 3.65 122 
0.0316 4.21 218 
0.0444 4.29 303 
0.0473 4.36 318 
0.0629 4.19 445 
0.0697 4.07 509 
0.0834 3.82 654 
0.1009 3.80 801 

- [88/10 /8r/JJMn 

Jmol- 1 

74.4 
113 
169 
167 
220 
255 
290 
331 

- [88/10 /8r/JJMn 

Jmol- 1 

143 
136 
231 
316 
331 
458 
522 
667 
813 

ZsED· Here, as mentioned in the Introduction, d was 
taken to be 1.67 nm to be consistent with the 
helix geometry. 7 •8 The molecular weight M 0 of 
the solvent was calculated from the relation: 

In our analysis, M wl Mn was assumed to be 
1.25 for all the samples. 18 The schizophyllan 
triple helix was approximated by a uniform 
cylinder of the diameter d, and the axial ratio 
xn was calculated from Mn by 

Xn=Mrvpj(NAnd3 j4) (II) 
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M0 =(NAnd3 j4)jv0 to be 2210. The values ob
tained for [OAJ10 /8¢]Mn are summarized in 
Tables II through IV. As seen in these tables, 
the polydispersity correction expressed by the 
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Figure 3. Plot of -[o8,u0 /8¢]Mn vs. <P for isotropic so
lutions of sample R23 at 25oC. Unfilled circles, sedimen
tation equilibrium data; filled circles, light scattering 
data. Solid curve B, calculated from the Flory-Abe 
theory (eq 9) with eq 17 and x. =54. 7; solid curve A, with 
eq 16 and x.=54.7. Dot-dash curves I and 2, calculated 
for x =54. 7 from the On sager and Cotter theories, 
respectively; dashed curves 3 and 4, for x=29.3 (see the 
text). Each of the theoretical curves 1---4 is terminated at 
¢ A• the polymer volume fraction at the isotropic
biphasic boundary. 

400 040 

25 •c A 

300 

0 
E .., 
' 200 

1: 
::1! 

e. 
"' 
"' <I 

"' 100 I 

0.02 0.04 0.06 

<t> 

Figure 4. Dependence of -[o8,u0 /0rP]Mn on rP for sam
ple D40 at 25°C. Solid curve A, calculated by eq 9 with 
eq 14 and x.= 107; dot-dash curves I and 2, calculated 
for x = 107 from the Onsager and Cotter theories; dashed 
curves 3 and 4, for x= 59.4 (see the text). 
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Figure 5. Dependence of -[il8,u0 /8¢]Mn on¢ for sam
ple SPG-3' at 25°C. Solid curve A, calculated by eq 9 
with eq 15 and x. = 35.5; dot-dash curves I and 2, calcu
lated for x = 35.5 from the Onsager and Cotter theo
ries; dashed curves 3 and 4, for x = 19.2 (see the text). 

second term on the right-hand side of eq 10, 
which is not very appreciable even at small ¢, 
becomes rapidly negligible with increasing ¢. 

Figure 3 shows the values for 
sample R23 as a function of ¢. The light 
scattering (filled circles) and sedimentation 
equilibrium (unfilled circles) data are consist
ent with each other but, not exactly. The dis
crepancy is more conspicuous at higher con
centrations, but the reason is not clear. Fig
ures 4 and 5 show plots of for 
the samples D40 and SPG-3'. 

DISCUSSION 

Interaction Parameter 
As mentioned in the Introduction, concen

trated aqueous schizophyllan may be charac
terized by a non-vanishing interaction param
eter x in the framework of the Flory theory. 
For simplicity, we assume that x(¢) is ex
panded by a polynomial in ¢ as 

X(¢)= Xo + X1 ¢+ Xz¢ 2 + X3cP 3 (12) 

where X; (i=0-3) are coefficients dependent 
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on temperature. As is well known, Xo is related 
to the sedimentation second virial coefficient 
A 2 of the solution by 

A 2 Xo) (13) 

Substitution of eq 12 into eq 9 followed by 
differentiation with respect to ¢ gives an ex
plicit expression in ¢ for Fitting 
experimental-data for to this ex
pression allows the X; coefficients to be evalu
ated. This was done for the three sets of 
sedimentation equilibrium data, and the fol
lowing results were obtained: 

x(¢)= -0.107 -9.33¢+ 70.0¢2-204¢3 

(D40) (14) 

x(¢) = -0.055-11.41¢ + 66.9¢2-228¢3 

(SPG-3 ') (15) 

x(¢)= -0.021-9.03¢+42.7¢2 -55¢3 

(R23) (16) 

where Xo in each equation has been determined 
from available experimental data for A 2 by eq 
13. A similar analysis was performed on the 
light scattering data for R23, yield\ng 

x(¢)= -0.021-9.16¢ + 38¢2-75.9¢3 

(R23) (17) 

Figure 6 shows x plotted against¢. For any 
sample, x(¢) is negative and decreases mono
tonously with increasing ¢. For sample R23, 

SPG-3' 

-1.0 L,._.J_____L_.J....___L,___l_..J....___.__.__.J___L___J 

0 0.02 0.04 0.06 0.08 0.10 

Figure 6. Plots of x(</1) vs. <P for aqueous schizophyllan 
at 25°C. Solid curves, determined from the sedimen
tation equilibrium data; dot-dash curve, from the light 
scattering data. 
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the values of x(¢) obtained from the two 
different methods are in good agreement. Dif
ferences in x among the three samples are not 
appreciable, where comparison can be made. 
The thick curves (A) in Figures 3 through 5 
represent calculated with the x(¢) 
given by eq 14-16. They fit the experimental 
data closely. It is concluded from these find
ings that the system schizophyllan +water is 
not athermal in the framework of the Flory
Abe theory. 

Comparison with Other Theories 
The theory of Onsager1 is concerned with an 

imperfect gas of cylindrical particles. It should 
be valid for long cylinders in dilute solution, 
but its validity at higher concentration may be 
questioned, since it relies on a free energy 
expression linear in ¢. Note that no such 
limitation exists in the Flory theory.3·17 Vari
ous attempts have been made to extend the 
Onsager theory to higher concentration.19 - 21 

Recently, Cotter4 has modified the Onsager 
theory using the scaled particle theory22 and 
Lasher's calculation for the phase boundary 
concentrations.19 We here confine ourselves to 
the Onsager theory with no intermolecular 
interaction and the Cotter theory in analyzing 
experimental data. 

According to these theories, the excess 
chemical potential of the solvent is ex
pressed in terms of the axial ratio x, the 
volume fraction ¢, and the molar volume VP of 
the polymer as follows: 

RTM0 v0 
Llp0 = - f(x, ¢) (18) vp 

Differentf(x, ¢)are used by different authors. 
The theories of Onsager and Cotter give the 
same expression for the second virial coeffi
cient:23 

Az = (3x2 + 6x -1 )(v (19) 
3x-1 vp 

To a first approximation, we used the num
ber averages of VP and x (x") to compute 
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given by eq 18; xn was calculated by eq 11. In 
Figures 3 through 5 our schizophyllan data are 
compared with the predictions of the two 
theories under consideration; the theoretical 
curves indicated by the dot-dash lines (curves 
1 and 2) are terminated at the respective A
point. The linear dependence predicted by the 
Onsager theory is not in agreement with the 
experimental data. On the other hand, the 
values calculated by the Cotter theory are 
rather close to the experimental data for sam
ple SPG-3'. The theoretical values tend to 
deviate progressively upward from the data as 
the molecular weight is increased. Use of the 
corresponding weight averages23 for analyzing 
[aL\,u0 ja¢]x (X=LS, SED) led to a similar 
conclusion. 

Kubo and Ogino5 •6 showed that their os
motic pressure data for the system poly(y
benzyl L-glutamate) + dimethylformamide 
agreed with the prediction of the Cotter theo
ry, when x was calculated from A2 by eq 19. 
The dashed curves (3 and 4) in Figures 3-5 
represent the theoretical values calculated 
with x obtained in the same way. In contrast 
with the Kubo and Ogino case, no satisfac
tory agreement between theory and experi
ment is seen. 

Finally, we used xw for x in eq 18, which is 

obtained by xw=Mwf(dML) and dtaken to be 
2.6 nm, the hydrodynamic diameter of the 
schizophyllan triple helix. 7 •8 The values of 
[ail.uo/a¢]Mn computed by the Cotter theory4 

with x thus obtained are shown in Figure 7. 
The agreement between theory and experiment 
is excellent. However, it must be noted that the 
experimental w A for 040 is 1. 7 times as large as 
the theoretical w A- This discrepancy cannot be 
attributed to chain flexibility, against the ar
gument of Kubo an Ogino,5 •6 since the triple 
helix in this range of molecular weight is 
completely rigid. 7 •8 Thus, the above agreement 
between calculated and experimental values of 
[aL\,u0ja¢]Mn does not necessarily support the 
validity of the Cotter theory. A similar dis
crepancy in the phase boundary concentration 

Polymer 1., Vol. 17, No. 2, 1985 

1000r----------------------, 

.. 
0 
E ., 

BOO 

...... 600 
c 
:I! e. 

.0 

...... 
400 

.0 

I 

SPG-3' 

0 
0 

a 

0 040 
0 

0 

0.05 0.10 

Figure 7. Dependence of -[81'1!10/8¢lMn on .P for iso
tropic solutions of samples 040 and SPB-3' at 25oC. 
Solid curves, calculated from the modified Cotter theory 
with x=85.4 for 040 and 28.5 for SPG-3'. 

0 10 15 20 25 

Figure 8. Plots of rw2/(dn/dr) vs. w2 t for isotropic 
phases in biphasic mixtures with different overall con
centration ¢ 0 Unfilled circles, ¢0 = 0. 0678, the rotor 
speed= 2980 rpm; filled circles, ¢0 = 0.0719, 1980 rpm; 
half-filled circles, ¢0 = 0.0805, 2200 rpm. 

is seen also in the analysis of Kubo and Ogino. 
In conclusion, neither Onsager theory nor 
Cotter theory can explain our data satisfac
torily. 

Chemical Potential in the Biphasic Region 
When centrifuged at a rotor speed above 

2000 rpm, an aqueous solution of sample 040 
in the biphasic region separated into two lay-
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Table V. Sedimentation equilibrium data for biphasic solutions 
of sample D40 at 30oC 

Isotropic phase Cholesteric phase 
Rotor speed 

wo ¢0 w2r/(dnjdr) 
rpm 

108 rad2 cm2 s- 2 

0.1001 0.06'14 2200 1.79 
0.1055 0.0678 2980 1.79 

5560 1.81 
0.1115 0.0719 1980 1.81 

2980 1.84 
5560 1.79 

0.1192 0.0771 2200 
0.1242 0.0805 2200 1.68 

ers, isotropic and cholesteric phases. Obser
vation by a schlieren optical system revealed 
that the isotropic phase appeared on top of the 
cholesteric phase with a wide meniscus be
tween the two phases. The volume ratio of the 
two phases changed very gradually with time, 
suggesting that it would take quite a long time 
to attain a true equilibrium state. It was always 
possible to observe a schlieren pattern in the 
isotropic phase, and dnjdr could be determin
ed as a function of r. The values of dnjdr were 
extrapolated to the meniscus between the two 
phases, r m· Figure 8 shows rw2 j(dnjdr) at r m 

plotted against w2 t at different overall con
centrations ¢0 , where tis the time elapsed after 
the start of centrifugation. It can be seen that 
within a relatively short period of time rw2 j 
(dnjdr) reaches an equilibrium value which 
does not depend appreciably on ¢0 . From 
these equilibrium values of w2 j(dnjdr), ZsED at 
r m were calculated on the assumption that 
w(r m) equals the A-point concentration at 
30°C, i.e., w(r m) = 0.0965. 11 The numerical re
sults obtained are summarized in Table V. 
Note that they satisfy the requirement that 
ZsED should be independent of the rotor speed. 

It was possible to observe schlieren patterns 
of the cholesteric phase for two solutions of 
higher concentrations. Values of ZsED at the 
meniscus in the cholesteric phase were deter-
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- [oL\flolo¢ lsw w2rj(dn/dr) -[oL\flolo¢]sw 

Jmol- 1 108 rad2 cm2 s- 2 Jmol- 1 
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Figure 9. Plots of -[JL\flo/Vc/J]sEo vs. ¢0 for biphasic 
mixtures at 30°C. Unfilled circles, isotropic phases; filled 
circles, cholesteric phases. 

0.015 

040 

Flory 

0.010 
1-
a: 
';; 
::L 
<I 
I 

0.005 

<I> 

Figure 10. Excess chemical potential L\fl0 of the solvent 
as a function of ¢ for sample D40. Thick solid curve, 
experiment; thin curve, the Flory theory. 3 
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mined by assuming that w(r m) in the choles
teric phase was equal to the B-point concen
tration, 0.129. 11 The numerical results are also 
given in Table V. 

Figure 9 shows [8L1p0 /8¢lsEo at the meniscus 
plotted against ¢ 0 , where the arrows A and B 
indicate the A- and B-points, respectively. It 
can be seen that, in either phase, [ Ollp0 / 8¢ lsEo is 
almost constant; [8Llp0 /8¢lsEo=- 375 J mol- 1 

in the isotropic phase and -250 J mol- 1 in the 
cholesteric phase. If it is assumed that the 
chemical potential of the solvent does not 
depend appreciably on temperature, these data 
may be compared with those for isotropic 
solutions at 30°C. Figure 4 shows that the 
latter can be smoothly extrapolated to the 
meniscus value (vertical segment). 

Integration of [8Llp0/8¢lMn by ¢ along with 
the meniscus value and eq 14 provides Llp0 as a 
function of¢; the result is shown in Figure 10. 
The thin curve represents the Flory theory 
with the non-vanishing x given by eq 14. The 
agreement between theory and experiment is 
not satisfactory because of the disagreement in 
phase boundary concentration. 
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