
This article was downloaded by: [University of California, San Diego]
On: 16 August 2012, At: 02:43
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Kinetics of Phase Transition in
a Lyotropic Liquid-Crystalline
Polymer System
Takahiro Sato a & Toshiyuki Shimizu a
a Department of Macromolecular Science, Osaka
University, 1-1 Machikaneyama-cho, Toyonaka,
Osaka, 560-0043, Japan

Version of record first published: 27 Oct 2006

To cite this article: Takahiro Sato & Toshiyuki Shimizu (2001): Kinetics of Phase
Transition in a Lyotropic Liquid-Crystalline Polymer System, Molecular Crystals and
Liquid Crystals Science and Technology. Section A. Molecular Crystals and Liquid
Crystals, 365:1, 387-395

To link to this article:  http://dx.doi.org/10.1080/10587250108025318

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587250108025318
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

43
 1

6 
A

ug
us

t 2
01

2 



Mol C ~ s t .  o,rdLiy. Cqst.. 2001. Vol. 365. pp, 387-395 
Reprints available directly fmm the publisher 
Photocopying permitted by license only 

0 2001 OPA (Oversea- Publishers Association) N.V. 
Published by license under h e  

Gordon and Breach Science Publishers imprint. 
a member of the Taylor & Francis Group, 

Printed in the USA 

Kinetics of Phase Transition in a Lyotropic 
Liquid-Crystalline Polymer System 

TAKAHIRO SATO* and TOSHIYUKI SHIMIZU 

Department of Macromolecular Science, Osaka Universiiy 1-1 
Machikaneyama-cho, Toyonaka, Osaka 560-0043, Japan 

The radius R,  the radius distribution function, and the number density of growing cholesteric 
droplets in metastable solutions of cellulose tris-(phenyl carbamate) (CTC) were measured as 
function of time r after quench, by polarizing microscopy. From the R dependence of the 
growth rate of cholesteric droplets, we concluded that the rate-determining process in the 
cholesteric droplet growth is the orientation of CTC molecules at the isotropic-cholesteric 
interface. 

Keywords: lyotropic liquid crystal; polymer; cholesteric phase; kinetics of phase transition; 
growth rate; polarizing microscopy 

INTRODUCTION 

When lyotropic liquid-cqstal systems are transformed from the isotropic 
to liquid-crystal phase, both concentration c and orientational order 
parameter S increase simultaneously. During this first-order phase 
transition, c is conserved but S is not conserved in the whole system. 
Since the two order parameters obey different kmetic equations, the 
lanetics of phase transition in lyotropic liquid-crystal systems is more 
involved than thermotropic liquid-crystal systems or binary mixtures 
undergoing liquid-liquid phase separations,"] and have recently attracted 
considerable interest.[*-*] 

In this study, we have investigated the lunetics of the cholesteric 
phase separation from metastable isotropic solutions of a cellulose 
derivative, cellulose tris(pheny1 carbamate) (CTC), after brought into the 
biphasic region. As shown in Figure 1, the isotropic-cholesteric phase 

* Also at CREST of Japan Science and Technology 
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boundary concentrations (q and cA) 
for the CTC-tetrahydrofume 
(THF) system slightly depend on 

the system into the biphasic region 9 25 

by quench.19] After the quench, 2 2o 

cholesteric droplets appear and 
grow in the metastable isotropic 
phase. We have measured the 
growth rate of the droplets by 

phase separation. 

WLPWMENTAL 

Three fractionated CTC samples from our were dissolved in 
THF to use for quench experiments. Table 1 lists the viscosity average 
molecular weights M and the polydispersity indices (the ratio of weight- 
to number-average molecular weight M,JMn) of the three samples as 
well as the initial polymer mass concentrations co of the test THF 
solutions use in quench experiments. Each test solution was filled into a 
drum-shaped cell with a 15-mm inner diameter and 2-mm thickness, and 
left at a temperature TO above the phase boundary temperature TI until 
quench experiments. 

Quench experiments were made by transferring the cell to a cell 
holder on the stage of a polarizing microscope (Olympus, BHS-P) 
which was themostated at T below TI.  After quench, polarizing micro- 
graphs for the same portion of the solution were taken by a CCD camera 

temperature T, so that we can bring 30 To.... . .  

cholesteric 

polarizing microscopy to reveal the 0 2  0.25 03  031 0 4  045 0 5  
rate-determining process of this ~ / g c r n - ~  

FIGURE 1. Phase diagram of a 
system of CTC and THF. 

TABLE 1. Molecular characteristics and diffusion coefficients 

sample MI1048 M,JMnb coIgcm-3C D,,,/pmzs-ld 

Q11-4 9.9 1.05 0.379 158 

G-4 7.4 1.05 0.365 207 
H-4 4.9 1.07 0.404 27 1 

a Determined from the intrinsic viscosity-molecular weight relation 
obtained by Kasabo et al.[l0] b Determined by size-exclusion 
chromatography. C At 25 "C. d Determined by dynamic light scattering. 
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(Hamamatsu photonics, 4742-95) attached to the microscope (x 20 or 
40) at different times r .  Radii R of same cholesteric droplets 
arbitrarilychosen in the micrographs taken at different t were measured 
using an image analyzing software. Furthermore, R of all the droplets 
(30 - 90 droplets) in an area (ca. 0.2 mm x 0.2 mm) in the micrographs 
were measured to determine the droplet-size distribution. The number 
density n of droplets was estimated by the average of the asymptotic 
radius cubed ( R ( w ) ~ )  and the initial supersaturation X O  [= (co - CI)/(CA - 
CI)] at t = 0 using the equation 

The quench depth was expressed in terms of the supercooling 
temperature AT (= TI - T) in what follows. From the phase diagram 
determined (e.g. Figure 1 for sample G4), xo for each quenched 
solution can be related to AT 

AT/[11.3 + O.O5O(T/ 'C) ]  

AT/[16.8-0.006(T/'C)] (sample Q l l  -4) 

(sample H - 4) 

AT/[13.9+ O.O35(T/ "C)] (sample G - 4) (2) 

RESULTS 

Typical results of the time evolution of R are shown in Figure 2 for a 
THF solution of the CTC sample Q11-4. Chdesteric droplets in the 
solutions grow rapidly at early stage and level off at late stage. The 
growth rate dRJd1 at early stage does not strongly depend on AT, which 
was observed also for other CTC samples. Figure 3 compares the 
growth of cholesteric droplets in solutions of three CTC samples with 
different molecular weight M. The growth rate seems to decrease with 
increasing M. 

Figure 4 shows the time evolution of the radius distribution function 
of cholesteric droplets growing in a solution of sample G 4  at AT = 0.4 
O C .  While the average radius of the droplets increases with t.  the width 
of the distribution is almost unchanged during the phase separation. 
Similar trend of the time evolution of the distribution was observed for 
other quenched experiments. 

Number densities n of droplets in three quenched solutions are 
plotted against t in Figure 5. Except at early stage, n is almost constant 
in all quenched solutions. Since very small droplets at short t cannot be 
seen by the microscope, n may be underestimated at early stage, and this 
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0 2ooo 4000 6000 8000 low0 12000 0 500 loo0 1500 2000 2500 3000 
l / S  11.I 

FIGURE 2. Time evolution of FIGURE 3. Cholestenc 
radii of cholestenc droplets 
growing in a metastable isotrop 

droplet growth In solubons of 
three dfferent molecular weight 

ic Sdutlon of sample Q11-4. CT c samples. 

ri/p m R/pm 

FIGURE 4. 
growing in a solution of sample G-4 at AT = 0.4 "C. 

Rad~us distribution function of chdesteric droplets 

may be the reason for small n at 
short t for solutions of sample Q11- 
4 shown in Figure 5. We have 
never observed the decrease of n at 
late stage of phase separation before 
sedimentation of droplets due to 
gravity. Therefore the present 
isotropic-cholesteric phase tran- 
sition occurring in CTC solutions 
does not exhibit the Ostwald ripen- 
ing process often observed in phase 
separation for some small molecular 
systems,[l*lll and each droplet in 
metastable isotropic solutions seems 
to grow independently. 

t', . , " ? 

0 2ooo 4 w o  Mxx) B w o  1 w o o 1 ~  

r / a  

FIGURE 5. Number densities 
of droplets in three quenched 
solutions plotted against t .  
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0 200 400 600 800 lo00 0 200 400 600 800 lo00 
t Is t Is 

FIGURE 6. Time evolution of radii of cholesteric droplets with 
different sizes growing after the double quench for sample G-4 at AT 
= 0.2 “C; (a) plots of R vs. 1 ,  and (b) plots of R* vs. t. 

We have also studied the growth of cholesteric droplets in CTC 
solutions after the “double quench,” explained as follows. A deeply 
quenched solutlon including considerable amount of the cholesteric 
phase was stirred using a small magnetic tip in  the drum-shaped cell, 
upon heating above TI. Then the most of cholesteric phase was 
transformed to the isotropic phase and a small number of cholesteric 
droplets with a broad size distribution remain in  the solution. T h s  
solution is quenched again below TI to make the remaining droplets 
grow. The growth of droplets of different s i m  after the double quench 
for sample G-4 at AT = 0.2 O C  is shown in Figure 6; in Panels a and b, 
R and R’ are plotted against t, respectively. In the former plot, data 
points for different size droplets almost follow lines with similar slopes 
at early stage. On the other hand, in the latter plot, data points for larger 
droplets obey steeper lines. The R independence of dRldt was observed 
for other doubly quenched solutions of three CTC samples examined. 
As will be explained in the following section, those results give us 
information what the rate-determining step of the cholesteric droplet 
growth is. 

DISCUSSION 

In order that a cholestenc droplet grows, CTC molecules in the 
metastable isotropic phase must translationally diffuse into the droplet 
phase and onent to the direcuon parallel to the director at the interface of 
the droplet If the molecules can align to the director at the interface 
immediately when they amve at the interface, the translational diffusion 
of the molecules is the rate-determining process (the diffusion-controlled 
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growth). On the other hand, when the concentration gradient relaxes 
much faster than the orientation at the interface, the orientation of the 
molecules controls the growth rate of the droplet (the orientation- 
controlled diffusion). 

We can formulate growth rates of the droplet at both diffusion- 
controlled and orientation-controlled growths, as explained in Appendix. 
If  the quench is shallow and also the phase separation is not at a late 
stage, growing droplets fulfill the condition 2dolx << R << Rb. Under 
ths condtion, Eq. (A3) in Appendix for the diffusion-controlled growth 
can be approximated to dR21dt = ’2D,+. Mutual dffusion coefficients 
D, for isotropic CTC solutions at c = CI were estimated using dynamic 
light scattering[10] (cj. Table 1). The growth rate dR2ldt calculated from 
Eq. (A3) using the results of D, at the early stage ( x  = X O )  are two order 
magmtude faster than the experimental growth rate, calculated from plots 
shown in Figure 6b and also for other quenched solutions. Therefore, 
the lunetics of the isotropc-cholesteric phase tlansition in ClT solutions 
cannot be explained by the diffusion-controlled mechanism. 

Under the condition 2d0lx << R << Rb. Eq. (A3) predicts that dRYdt 
is independent of R. On the other hand, Eq. (A10) for the orientation- 
controlled growth predicts the R independence of dRldt in the same 
condition. It can be seen from Figure 6 that the latter prediction is 
correct for the cholesteric droplet growth in metastable isotropic CTC 
solutions. Thus we conclude that the orientation of CTC molecules is 
the rate-determining process in this phase transition. I t  is however noted 
that since we have made only rather shallow quench experiments in this 
study, the rate-determining process at a deep quench is still open ques- 
tion. 

APPENDIX 

Plffusl on-Controlled Gr owth 
Let us consider the concentration distnbution c(r) in the metastable 
mother phase in the vicimty of a growing droplet. Here, r represents the 
&stance from the center of the droplet. If there are many growing 
droplets in the mother phase, we can define a ‘katershed” between two 
growing droplets. We denote the average distance of the watershed 
from the center of the droplet into considerabon as Rb and the con- 
centlahon at Rb as q,. In this subsection, we assume that Iiquid- 
crystalline polymer molecules can onent to the director at the interface 
immediately when they amve at the interface; i.e., the onentabon of 
polymer c h n s  is much faster than their translational diffusion. 

If the metastable mother phase is in equllibnum with the droplet 
phase at the interface r = R dunng the growing process, the con- 
centmuon C(R) at the interface is wntten 
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where do is the “capillary length” defined 

with the interfacial tension y and the osmotic pressure n. Using Eq. 
(Al) ,  the growth rate of the droplet is given by 

where D ,  is the translational mutual diffusion coefficient in the mother 
phase, and x is supersaturation defined by 

From the mass conservation rule, q, is determined by 

where co is the initial concentration at ? = 0, and p 2 R/Rb. 

Onentation4ontmlled Growth 
If the orientation of polymer chains at the interface is the rate- 
determining process in the phase transition, the liquid-crystalline droplet 
phase should grow in a different manner from the above diffusion- 
controlled growth. We here assume that the concentration grasllent 
relaxes much faster than the orientation at the interface. In this case. the 
concentration in the mother phase near the growing droplet is regarded to 
be uniform, and the time evolution of the the orientational order 
parameter S governs the droplet growth as for themotropic liquid crystal 
systems. 

C h a ~ d ’ ~ * ’ ~ ]  formulated the growth rate of the liquid-crystalline 
droplet phase for thermotropic systems by assuming that the profile of 
the orientational order parameter at the interface are in a steady state 
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during the droplet growth, and also that the excess free energy density 
PX for the uniform system is expressed by a quartic equation of S 
according to the Landau4e Gennes i.e., 

Jfex/JS = U S +  3BS2 + 4CS = 4CS( S - S, IS - S A ) (A6) 

Here A, B, and C are the expansion coefficients, SA is the equilibrium 
order parameter in the liquidcrystal bulk phase, and Sz is the order 
parameter at the local maximum ofpx. His final result is written 

where A is the rotational mobility and K is the coefficient of the w e n t  
free energy. 

Originally, Chan obtained the above equation (A7) for thennotropic 
liquid crystal systems where S2 and SA depend on temperature. For 
lyotropic liquid crystal systems which we are now concerned with, Sz 
should depend on the concentration c in the metastable mother phase. 
When c is equal to c(R) gven by Eq. (Al) ,  the droplet phase is in 
equilibrium with the mother phase, so that dRldt = 0. Furthermore, if 
the supersaturation x is not so high, we may write Sz as the function of x 
(or c) in the form 

where o is the linear expansion coefficient. Furthermore, according to 
the Cahn-Hilliard theory,"'] the coefficient K can be related to the 
interfacial tension y between the two phases, as 

Using Eqs. (A7) - (A9), we finally obtain 

In this equation, x can be calculate from Eqs. (A4) and (A5). 
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