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ABSTRACT: A polysaccharide schizophyllan known to have a rod1ike shape in solution was 

investigated. The system schizophyllan + water exhibited an equilibrium between isotropic and 

cholesteric phases. The temperature-concentration phase diagram in a temperature range 5-80°C 

and a concentration range 0-38.8 polymer wt% was determined. The phase diagram determined is 

characterized by a narrow biphasic region separating the isotropic phase from the cholesteric phase 

and resembles those reported by Miller and coworkers for polypeptide solutions, except that it has 

no broad hi phasic region at low temperature. The experimental results for schizophyllan appear to 

favor the Flory-Ronca theory of rodlike molecules, but the data are not sufficiently detailed 

draw definite conclusions. 
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In a previous paper1 we showed that a /3-(1-3)-o

glucan schizophyllan in aqueous solution forms a 

cholesteric mesophase at a polymer concentration 

higher than 10 wt%. At intermediate concentrations 

above 10%, there exists an equilibrium between 

isotropic and cholesteric phases, which shifts 

somewhat with temperature. The cholesteric phase 

shows characteristic fingerprint patterns with the 

cholesteric pitch decreasing markedly with increas

ing polymer concentration. 

The present study takes up this phase equilibrium 

in greater detail. The system schizophyllan + water 

was chosen again, because (1) in aqueous solution, 

schizophyllan exists in the form of triple-stranded 

helix which can be represented by a uniform cylin

der;2 - 4 this well-characterized helical conformation 

allows us to test theories of rodlike polymer so

lutions, (2) schizophyllan dissolves in aqueous 

media thus facilitating various physical measure

ments, and (3) samples in a wide range of molecu

lar weight are available.2- 4 This good solubility dis

tinguishes schizophyllan from other rodlike poly

mers which form mesophases but usually have 

limited solubility.5 -? Xanthan, an ionizable poly-

saccharide, is one of a few mesomorphic polymers 

having good solubility.8 

In order to obtain the temperature-concentration 

phase diagram, two new methods were applied to 

the present system: one using the concentration 

dependence of the cholesteric pitch as a function of 

temperature and the other, a sedimentation analysis 

of solutions consisting of isotropic and cholesteric 

phases in equilibrium. The former method was 

effectively used for determining the boundary be

tween the biphasic and cholesteric regions, i.e., the 

B-point, which, otherwise, was not easy to be 

determined accurately.9 -u In the course of the 

present study, we noted that sedimentation analysis 

had been used for similar purposes.12 - 14 

EXPERIMENTAL 

Schizophyllan sample D-40 used in our previous 

study1 had a weight-average molecular weight Mw 

of 478 000, with an Mz/Mw of 1.2, where Mz is the 

z-average molecular weight. This was again used 

throughout the present investigation. 

Polymer solutions were prepared by mixing re-
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quired amounts of sample D-40 and water in stop

pered flasks. The polymer weight fraction w2 in the 

solution was determined gravimetrically and the 

polymer mass concentration c2 (g em - 3) was cal

culated from w2 and the specific volume v (cm3 g- 1) 

of aqueous schizophyllan solutions at 25°C: 

v= 1.0030-0.383w2 +0.2044w2
2 - 0.2609w2 

3 (I) 

Polarized light microscopy was performed in a 

Union Mec-3 microscope equipped with a thermo

statting cell holder. Polymer solutions filled in 

drum-shaped cells were examined between crossed 

polars and by laser light diffraction at different 

temperatures between 5 and sooc. From these 

measurements the cholesteric pitch 2S of the so

lutions was obtained as a function of temperature 

and polymer concentration. The detailed experi

mental procedures and the methods for data 

analysis are given in the previous paper. 1 

Sedimentation experiments were conducted in a 

Beckman-Spinco Model E analytical ultracen

trifuge with Kel-F cells. In a phase separation 

experiment, an appropriate quantity of a polymer 

solution 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 to a J-rotor heated at the same 

temperature and centrifuged at a rotor speed be

tween 1500 and 5600 rpm. The phase separation 

was monitored by a schlieren optical system, the 

temperature of the cell being kept at 30.0 ± 0.1 °C. 

Sedimentation equilibrium experiments on dilute 

solutions were performed at 25°C according to the 

standard procedure? 

RESULTS 

Cholesteric Pitch 

Schizophyllan solutions filled in drum-shaped 

cells were kept at 30°C for at least one week and 

examined by polarizing microscopy and laser light 

diffraction, first at 30°C. Those solutions with w2 

above the B-point (ca. 0.13) were strongly biref

ringent exhibiting patterns with alternate bright and 

dark parallel lines characteristic of a cholesteric 

mesophase. Such fingerprint patterns developed 

gradually throughout the entire solution within one 

week after placing the solution in the cell. The 

distance between the parallel lines S, half the choles

teric pitch, was found to be constant except in the 
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Figure 1. Plot of S vs. w2 for schizophyllan sample D-

40 in water at 30°C. Open circles, the cholesteric region 

(w2 ); half-filled circles, the hi phasic region (w2 °). 
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Figure 2. Variation inS with the time elapsed after the 

temperature jump for sample D-40, w2 = 0.165. 

regions near the cell walls. 

When illuminated by laser light without polars, 

the solutions showed diffraction rings, in most 

cases, of the first order only. Following the previous 

procedure, 1 the S of the solutions were determined 

as functions of w2 from such diffraction rings as well 

as the photomicrographs of the fingerprint patterns. 

The results are displayed in Figure 1 by open circles. 

Solutions with the overall weight fraction w2 ° 
between 0.0975 and 0.127 appeared biphasic and 

displayed no well-defined diffraction patterns. 

When a solution with w2 ° not too close to the 

boundary values was left standing at a fixed tem

perature, e.g., 30°C, it separated into two liquid 
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Figure 3. Plots of S vs. w2 for sample D-40 at 5 and 

60°C. 

layers: one filled with fingerprint patterns and the 

other containing many spherulites or small regions 

of fingerprint patterns buried in a dark area of the 

isotropic phase. The S value for such a biphasic 

mixture was obtained from the photomicrographs 

of the fingerprint patterns. Figure I shows the 

results for biphasic mixtures by plotting S vs. w2 ° as 

half-filled circles. It can be seen that the entire S vs. 

w2 relationship is represented by a smooth curve 

with a break point. It should be remarked that 

complete separation into the two phases never 

occurred on standing but was possible only by 

centrifugation as will be illustrated below. This 

finding has previously been reported by other 

investigators.12 - 14 

Solutions containing a liquid crystal phase had 

viscosities higher than 5 kg m - 1 s - 1 at 30°C. Thus it 

seemed that when the temperature was changed, it 

would take some time before the liquid crystal 

phase adjusted itself to a new equilibrium state. This 

time effect was examined by measuring S as a 

function of the time elapsed after the temperature 

jump. Figure 2 illustrates typical results with w2 = 
0.165, where the arrows indicate the changes in 

temperature. From these and similar results at other 

concentrations, we conclude that the values of S 

after three days may be regarded as the equilibrium 

values. 

Figure 3 shows the data for S thus obtained at 5 

and 60°C. Similar data were obtained at 20, 40 and 

80°C. After being examined at these temperatures, 

each solution was examined at 30°C, and it was 

found that S was the same within ± 3% before 

and after the heating cycle. Thus, we see that S is 

a unique function of temperature T and polymer 

weight fraction w2 for a given schizophyllan sam-
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Phase Diagram 

The results for S presented above show that S is 

substantially constant in the biphasic region. This 

trend may be anticipated if the solution separates 

into two phases of essentially fixed concentrations 

irrespective of the overall concentration. On the 

other hand, S is expected to change monotonically 

with w2 in the liquid crystal region. This is because S 

is essentially determined by the concentration of the 

cholesteric phase, regardless of whether the phase is 

in a pure cholesteric solution or in a biphasic 

mixture. Thus the break point of each S vs. w2 curve 

can be identified as the boundary between the liquid 

crystal and biphasic regions, i.e., the B-point. In this 

way, the phase boundary curve extending from 5 to 

80°C was determined from these and similar results 

at other temperatures, as shown in Figure 4, where 

horizontal segments indicate the uncertainty as

sociated with the graphical determination of the 

phase boundary concentration. It can be seen that 

the cholesteric liquid crystal region extends at least 

up to 38.8 wt%. 

The boundary between the isotropic and biphasic 

regions, i.e., the A-point, was determined as follows. 

First, a solution with an overall concentration w2 ° 
as prepared or stored for a long time period at a 

specified temperature T, was examined by polariz

ing microscopy so as to prove it to be isotropic. This 

set of w2 ° and T gives one data point in the isotropic 

region and is indicated by the filled circle in Figure 

4. Next, a slightly more concentrated solution was 

examined at the same temperature to prove it to be 

birefringent. This set gives another data point for 

the same temperature in the biphasic region and is 

represented by the open circle. The phase boundary 

at T can thus be located between these two data 

points. 

The existence of a temperature-induced isotropic

cholesteric phase transition was found as follows. 

The solution with w2 ° = 0.0975 was biphasic at 30°C 

as prepared and had an S value close to that for the 

B-point at the same temperature. When the tem

perature was raised, it became progressively iso

tropic. It was observed that some regions of the 

solution resisted more strongly higher temperature 

than others, and the final traces of the cholesteric 

phase remained up to a temperature as high as 

55°C. When cooled, the solution still remained 
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Figure 4. Temperature-concentration phase diagram for the system sample D-40 +water. Horizontal 

segments, uncertainties associated with the graphical determination; filled circles, the isotropic region; 

open circles, the hi phasic region. Here w2 in the biphasic region stands for w2 ° 

isotropic at 40°C but was found distinctly biphasic 1.0.--------------->---cr--...---. 

again at 30°C. Thus the phase boundary tempera

ture should be around 40°C but no precise de-

termination could be made. -s. 

Similar experiments were conducted with other 

solutions. These results are also included in Figure 

4. It can be seen that the higher the overall con

centration, the smaller the gap between the open 

and filled circles for the same w2 °. The solid curve 

drawn through the gaps between the circles sep

arates the isotropic region from the biphasic re

gion. In spite of the large temperature gaps at lower 

w2°, the phase boundary curve could be determined 

with reasonable accuracy, since it was almost 

vertical. 

Sedimentation Analysis 

When a solution in the biphasic region was 

centrifuged at a rotor speed above 2000 rpm, it 

separated into two distinct layers. The isotropic 

phase appeared on top of the cholesteric phase with 

a wide meniscus intervening them. In many cases, 

either or both of the phases exhibited concentration 

gradient curves. The volume of the isotropic phase, 

cJ>, relative to that of the total solution was de

termined from the column height of this phase 

relative to the solution height. 

It was found that cJ> increased slightly with in

creasing rotor speed, indicating that the centrifugal 

force had some effect on the phase equilibrium. The 

values of cJ> at rotor speeds between 2000 and 
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Figure 5. Volume I - rJ! of the cholesteric phase rela

tive to the total solution volume plotted against the 

overall mass concentration c2 ° for sample D-40 at 30°C. 

Filled circles, data from a separate experiment at 25°C 

(see text); the arrows A and B, the phase bundary 

concentrations found in Figure 4. c2 in the biphasic 

region stands for c2 °. 

3000 rpm were regarded as not being disturbed by 

the centrifugal force. At these rotor speeds, the 

redistribution of the polymer species in either phase 

was almost negligible. 

If it is assumed that the phase separation takes 

place according to the lever rule as in a binary 

solution, cJ> should be linearly related to the overall 

mass concentration c2 ° of the polymer by 

(2) 

where c2 ' and c2 denote the mass concentrations 

corresponding to the B-point and A-point, respec

tively. Recently, Flory and Frost16•17 investigated 

theoretically biphasic equilibria in athermal so

lutions of polydisperse rodlike particles. It can be 
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shown that their numerical results, when recast in 

the form of eq 2, predict tP decreasing approxi

mately linearly with c2 ° for a sample with the 

Poisson distribution in particle size. Samples having 

the most probable distribution do not obey eq 2. In 

the case of the Gaussian distribution, eq 2 holds if 

the breadth of the distribution is not large.18 Thus 

we may use this equation to analyze experimental 

phase separation data for polydisperse samples 

which are not too broad in molecular weight distri

bution. Indeed, Conio et a/. 14 applied eq 2 to their 

phase separation data for poly(l,4-benzamide) 

solutions. 

Figure 5 shows a plot of 1- tP vs. c2 ° for sample 

D-40 at 30°C. The data points represented by open 

circles are scattered around the solid line which may 

be extrapolated to 1 - tP = 0 and I to give c2 = 0.101 2 

g em- 3 and c2 ' = 0.1305 g em- 3 , respectively. These 

values may be compared favorably with those found 

on the phase diagram (indicated by arrows A and 

B). Thus we see that the lever rule holds at least 

approximately for our schizophyllan + water sys

tem, although the sample is not monodisperse. 

The filled circle in the middle of the biphasic 

region represents the data point from a particular 

experiment conducted at 25°C, where a somewhat 

large amount of a solution was separated by cen

trifugation and the separated solutions were ana

lyzed for concentration and molecular weight. The 

remaining two filled circles represent the mass 

concentrations of the separated solutions and 

are located close to the phase boundaries but not 

exactly on them. It was found that the molecular· 
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weight of the polymer recovered from the isotropic 

phase was smaller than that of the polymer from 

the cholesteric phase. This finding is in har

mony with the theoretical predictions for athermal 

solutions of polydisperse rodlike polymers. 16 - 19 

Similar fractionation effects have been re

ported for other polymer-solvent systems.12 - 15 

DISCUSSION 

The phase diagram in Figure 4 has a narrow 

biphasic region separating the isotropic region from 

the cholesteric region and resembles those reported 

by Miller and coworkers10•11 •20 for poly(y-benzyl L

glutamate) in dimethylformamide, except that it has 

no broad biphasic region at the bottom. It can be 

seen that the phase boundary curves are almost 

vertical at lower temperature but bend toward a 

higher concentration at higher temperature. A sim

ilar trend has also been found for the polypeptide 

solutions, and is interpreted in terms of the fact that 

the polypeptide helix becomes more flexible as the 

temperature is raised. 10•11 Figure 6 shows the tem

perature dependence of intrinsic viscosity of schi

zophyllan D-40 in water, which suggests that the 

molecular dimensions of schizophyllan decrease 

with increasing temperature. Thus, we tentatively 

ascribe the bend of the phase boundary curves in 

Figure 4 to this increasing flexibility at high tem

perature, as in the case of the polypeptide solutions. 

Various theories21 - 26 have been proposed to 

describe the phase eqmlibnum between isotropic 

and anisotropic phases in a solution of rodlike 
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Figure 6. Temperature dependence of intrinsic viscosity for sample D-40 in water. 
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Table I. Phase boundary concentrations 

for the system schizophyllan 

D-40+water at 25° 

Isotropic 

phase 

Anisotropic 

phase 

Theoretical v2 (x = 133) 

Onsager21 

Flory-Ronca26 
0.025 0.0334 

0.0596 0.0819 

w2 

v2 

Experimental w2 and v2 

0.0965 0.128 

0.062 0.0828 

polymers. Basically, they are formulated in terms of 

the volume fractions of the polymer and solvent 

components, the axial ratio x of the polymer com

ponent, and the interaction parameter X· 

For a theoretical analysis of the present phase 

equilibrium data, we assume that our schizophyllan 

solutions be athermal and put x=O, which appears 

to be a reasonable first approximation compatible 

with the almost vertical phase boundary curves in 

Figure 4. This leaves us with only one molecular 

parameter x, which was calculated to be 133 for 

sample D-40 from ML=2140 nm- 1 and 6°=0.619 

cm3 g-1, where ML and 6° are respectively the 

molecular weight per unit length and the partial 

specific volume at infinite dilution of the helix;2·3 the 

corresponding helix diameter is 1.67 nm. Table I 

gives the boundary volume fractions calculated for 

x= 133 by the theories of athermal solutions.21 ·26 

Cotter's theory,25 an extension of the Onsager 

theory21 to higher polymer concentrations, predicts 

an A-point concentration slightly higher than that 

in the Onsager theory and a narrower biphasic gap. 

The experimental phase boundary concentrations 

obtained in terms of weight fraction were converted 

to volume fraction v2 (or v2 ') using eq I along with 

the definition of volume fraction: v2 = w26° jv. The 

results are compared with the theoretical predic

tions in Table I. It can be seen that the Onsager 

theory predicts too small boundary volume frac

tions in comparison with those observed. The same 

was the case with Cotter's theory. On the other 

hand, the prediction by the Flory-Ronca theory26 is 

close to the experimental observations. 

The axial ratio of a rodlike polymer may also be 

estimated from the second virial coefficient using an 

appropriate theory so that it conforms to the ather

mal assumption. Indeed, Kubo and Ogino27·28 used 

1004 

in this way the Cotter theory to analyze osmotic 

pressure and isopiestic data for poly(y-benzyl L

glutamate) in dimethylformamide. They found 

good agreement between theory and experiment 

with the data for isotropic solutions of relatively 

low molecular weight samples. However, the agree

ment was not satisfactory for anisotropic solutions 

and for larger molecular weight samples. 

It should be remarked that our schizophyllan 

solution is not strictly an athermal solution consist

ing of hard rods as the theories require; the second 

virial coefficient for this system is not exactly con

sistent with this assumption, yielding a helix diam

eter of 1.2 nm/9 which is much smaller than those 

estimated from the partial specific volume or hy

drodynamic properties of schizophyllan, 1.67-

2.6nm.2-4 Generally speaking, the phase relation

ship for a solution of rodlike polymers is expected 

to depend on both molecular asymmetry and in

termolecular interaction. The molecular asymmetry 

may be varied using polymer samples of different 

molecular weights, while information about the 

intermolecular interaction may be obtained from 

thermodynamic data for the system concerned. 

Kubo and Ogino27·28 have considered both of these 

factors in analyzing polypeptide data with partial 

success. Since we neglected the effects from the 

intermolecular interaction, the excellent agreement 

between theory and experiment must be taken with 

some reservation until phase relationship and ther

modynamic data covering the necessary ranges of 

molecular weight and concentration become avail

able. An experimental study in this direction is now 

in progress. 
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