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Spatio—tempora | growt h of nemati c domain s in liqui d crystal
polyme r mixtures

Hao-Wen Chiu and Thein Kyu®
Institute of Polyme Engineering University of Akron, Akron, Ohio 44325-0301

(Receiva 20 Octobe 1998 acceptd 28 Decembe 1998

Dynamics of pha® separatio and morpholog developmenhin mixtures of a low molar mas liquid
crystd (LC) ard a polyme hawe bee investigate theoreticaly in compariso with experimental
results In the theoretich mode| the combinal free-energ densities of Flory—Huggirs theory for
isotropt mixing and Maier—Saup theol for nematc orderirg hawe bee incorporate into the
time-dependenGinzbug—Landai equatia (type C). The tempord evolution of the structue factor
ard the emergene of phase-separaddiquid crystd domairs hawe bea simulatel on the bass of an
explicit centrd differenee methal basel on a squae lattice (128x 128 with a periodic boundary
condition Of particula interes is the observe plateai (or inflection) regian in the growth dynamic
curve which may be attributed to the breakdow of the interconnectd domairs cause by the
nematt ordering This unigue behavio has been verified experimentalf in terms of the growth of
structue facta following severh temperatue quenche into a nematictliquid region of the
experimenthpha® diagran of an E7/poly(methyt methacrylatgmixture Further the emergene of
LC domairs in the metastal# and unstabé nematc—liquid spinoda regiors has bee investigated
theoreticaly and compare with the reportal experimentaresults © 199 American Institute of

22 MARCH 1999

Physics [S0021-960699)52012-6

I. INTRODUCTION

The morpholoy of liquid crystd (LC) dispersios in
liquid crystal/polyme composié films suc as polymer-
dispersd liquid crystd (PDLC) and polymer-stabilizd lig-
uid crystd (PSLO is of crucid importane for successful
applicatiors in electro-optich devicest? Thes composite
films are generaly producel eithe throudh therma quench-
ing or photopolymerizatio of the reactive matrix binder. In
the former cae of thermaly inducal phag separation
(TIPS), the instability of the PDLC systen is driven by the
competition betwea phag separatio and nematc ordering.
As for the latter case the instability is causé by an increase
in molecula weight of the startirg reactive monomes that
eventualy induces pha® separation This proces is often
referrel to as polymerization-inducg pha® separation
(PIPS.2

In previows papers;® we haw establishd theoretical
pha® diagrans of various LC/polyme mixtures by solving
self-consistenyl the combinel Flory—Huggirs (FH) equation
for isotropic mixing, Maier—Saug (MS) theow for nematic
ordering or Maier—Saug—McMillan (MSM) theory for
smectic ordering. These binary systems include
nematic/polymef, two nematics, smectic/polymeP, two
smecticé and nematic/smeoti mixtures® The phae diagram
of nematic/nemati mixtures exhibits various coexistene re-
gions sud as liquid+liquid, nematictliquid, nematic
+nematc in the middle compositionsand the pure nematics
at the high compositios of eithea componentin the binary
smectics, the pha® diagran consiss of liquid+liquid,
nematictsmecti¢c and smecticrsmectc at the intermediate
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compositionsand the pure smectc regiors at the extremely
high composition of eithe component Thes predictal co-
existene regiors hawe been confirmed experimentally It has
been recognizd tha the final LC doman morpholoy de-
pend not only on thermodynant pha® equilibria of the
LC/polyme mixtures but also depend strongly on dynam-
ics of pha® decompositia and nematc ordering as most
polyme systens hardly read an equilibrium state®*°

As a continuirg effort, we turn our attention to elucidate
the morphology developmenand determire the dynamic of
pha® transitiors in nematic/polymemixtures To mimic the
emergene of nematc domanh morphology the time-
dependent Ginzbug-Landau (TDGL) equations ™
“Model C,” hawe bea adoptel by incorporatirg the spatb—
tempord evolution of the conserve densiy (or concentra-
tion) orde parameteof the LC ard that of the nonconserved
orientationaorde parameteof the LC directors®® The two-
couple TDGL equatios hawe bee solvad numericaly by
incorporatimy the combinal Flory—Huggins theoyy for isotro-
pic mixing*>® amd Maier—Sau theoy for nematic
ordering!”*® Of particula interes is the observe plateau
region in the coarsenig dynamt curves cause by the nem-
atic ordering This unusué plateal region is consistehwith
our experimenth resuls of blends of nematc LC/
poly(methy methacrylatg obtainel previousy by light
scattering'>?° The emergene of the domah morphology in
nematic/polyme composie films has bee investigate by
mears of opticd microscopy following severa thermal
quenche from asingle pha to various coexistene regions.
The calculatel domain morphologis hawe been compared
with the observel LC doman textures.

© 1999 American Institute of Physics
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Il. MODEL DESCRIPTION

The emergene of liquid crystd (LC) domairsin a poly-
mer dispersd liquid crystd system is generaly controlled by
a competitin betwea liquid—liquid pha® separatia and
nematc ordering The dynamic of such adissipative system
may be describé in terms of the couplel time-dependent
Ginzbug-Landai (TDGL) equations™ i.e., “Model C”
in which aconserved orde parameteri.e., the volume frac-
tion of the liquid crystak (LC), is coupled with a noncon-
serval orientationd orda parameter Thee two-coupled
equatiors hawe been expressd customariy as

ap(r,t oG
¢((9t )=V~ AV(% + 74(r,t), (1)
(7s(r,t)_ oG

where ¢(r,t) ands(r,t) represent the volume fraction and

the orientation orde paramete of the LC componehat po-

sition r and time t, respectively A is definal as the mutual
diffusion coefficiert having the propery of the Onsager
reciprocity?? R is the rotationd mobility of the LC

moleculest® The concentratia ard orientation fluctuations,
7y and 7 are customary expressé accordig to the

fluctuation-dissipatin theoren as

(mg(r ) mg(r’,t")y=—2kgTAVZS(r—r’")8(t—t"),  (3)

4
in which kg is the Boltzmam constahand T is temperature.
The mutud diffusion coefficient A, for a binarly system,
is generaly given by
A1,
A+Ay

(T ) mo(r' 1)) = 2kgTRA(r =) 8(t—t'),

A=

(5

where A;=¢$N;D; ard A,=(1— ¢)N,D, in which N; rep-
resens the degre of polymerizatiao of the dispersiny liquid
crystak and N, is that of the matrix polymer D, and D, are
the self-diffusion coefficiens of the LC molecule ard the
polyme chains respectively In the framewok of reptation
theory?? it may be expresse as

KgT N,
i=— —, 6
j 5] Nj2 ( )
where j=1 or 2. Here,{j and N ; are the frictional coeffi-
ciert pa monome unit and the distane betwee the en-
tanglemerd of componenj, respectively.

The totd free-energ of the system G, is given by the
integration of the locd free-energ densiy over all volume,
viz.,

G _
E— 1 n 2 2

- fv(g £ g Kyl V b2+ k] VSRV, @)
whee g' is the free-energ densiy of isotropic mixing and
g" is the free-energ densiy due to the anisotropt ordering
of the LC molecules.k 4|V ¢|? is the free-energ contribu-
tion of the concentratia gradiert in which « , is a coefficient
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relating to the segmenticorrelation length and the locd con-
centration For an asymmetii polymea—polyme mixture?®

as . a3
b1 ¢
where a; and a, are the correlation lengths of polyme seg-
mens of the componen 1 ard 2, respectively The k| Vs|?
tem in Eq. (7) represerd the gradien of the free-enery of
the orientation orde parameterFor simplicity, x; may be
taken as constant.

The isotropc patt of the free-energ is generaly de-
scribel in tem of the Flory—Huggirs (FH) theory>i.e.,

¢ (1-¢)
g —N—lln o+ N,

_ 4
K¢= 36

: ®

IN(1—¢)+xp(1-¢), 9
wherey is the Flory—Huggins interaction parameter defined
as y=A+B/T with A andB being constant&

The anisotropt partt of the free eneryy may be given
accordirgy to the Maier—Saug (MS) theory"18

g"=3vs?¢p?—pInZ, (10)

where v is the nematic interaction parameter definedvas
=4.541Ty /T)*® in which Ty, is the nematc—isotropic
(NI) transition temperatug of the LC componentZ is the
partition function given as

1 3 1
Z= f evs4(2 C0S 0-3)d cos, (12)
0
ard s is the nematc orde paramete defined as
s=3(3cog #—1)
13 1 3cosh—3
J5(3cosh—3)ersz 2d cos#
= . (12

z

Basel on the combinal FH/MS free enery expressionEgs.
(1) and (2) becomes

i ag'  ag" )
E_V' AV ﬁ-f-%—K(/,V o) + 7y, (13
§——R 9" V2s|+ (14
g gs s

where
g Ingp+1 In(l—¢)+1
== —~ +x(1-2¢), 15
ag" ) dlnz
ﬁzvs ¢—InZ—¢W, (16)
ag" dlnz
e an

The pattern-formilg aspect of pha® separatia within a
PDLC systen may be investigatel by numericaly solving
Eqgs (13) ard (14). The calculation was performel on a two-
dimension& squae lattice (128x128) using an explicit
methal for tempora stes and a centrd differene scheme
for spatid stes with a periodic bounday condition The

Copyright ©2001. All Rights Reserved.
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FIG. 1. A hypothetich pha® diagran of a polymer/nemat liquid crystal
mixture, calculatel on the bass of the combinel FH/MS theory, displaying
variows coexistene regions Regiors (a)—(f) indicake various temperature
quenchs performel at differert compositions.

tempora evolution of structue factors S,(q,t) and Sy(q,t),
may be determiné by rewriting Eqs (13) ard (14) in aFou-
rier spacei.e.,

Sy(a,t)=F[(r1, ) é(rz,1)], (18

Sy(a,)=F[s(ry,t)s(rz,0)], 19

where F represerd the Fourig transformatio and q is the
scatterig wave numbe defined asq=[4n/\]sin(6/2) where

\ and ¢ are the wavelength of incident light and scattering

angk in the medium respectively Comparimg the temporal
change of the calculatel structue factors with the experi-
mentd resuls of the time-resolve scatterig studies the va-
lidity of Egs (18) and (19) may be tested.

Ill. RESULTS AND DISCUSSION
A. Phase diagram and coexistenc e regions

Figure 1illustrates atypicd pha® diagran of a polymer/
nematc liquid crystd mixture calculatel on the bass of the
combinel FH/MS theory*® using the following conditions:
Tn=60°C, the critica composition of liquid-liquid phase
separationg.=0.75 correspondig to N,/N;=9/1, ard the
critical temperatue T,=60°C. The constah A of y param-
eta issd as A= — 1, which in tumn gives B=629.28 from the
criticality condition i.e., y=A+{(x.—A)/T}/T. The cal-
culated pha® diagran is basicaly an overlgp of an upper
critical solution temperatue (UCST) amd a nematc—
isotropc transition exhibiting a variely of coexistene re-
gions sud as liquid+liquid and nematc (N) +liquid (L) in
the intermedia¢ compositions In the very high LC-rich
compositions the pure nematc and a narrov N+L region
exist at high temperaturgin the high-LC composition Fol-
lowing the methal of Shen and Kyu,* the nematt spinodal
line has been calculatel self-consistenyl as depictel in Fig.
1. The nematc spinodé line further divides the narrov N
+L regin into the metastal® nematc and the unstable
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FIG. 2. Tempora evolution of the compositionh orde parametefor a T
guend into the liquid-liquid coexistene region (a) in Fig. 1, where T
=55°C and ¢=0.75. The calculation was performed using the following
parametersD,=9, D,=1, a,=0.6 a,=0.6, R=1, and x;=0.001.

nematc regions As labelda in the pha diagram the meta-
stabk nematc region is bourd by the pure nematc and the
nematc spinoda lines, wherea the unstabé nemate region
is bourd by the nematc spinod& and the nematc—isotropic
transitin lines Regardig the detailed calculatiors of the
pha® diagram intereste reades are referred to our previous
papers:® More importantly, asimilar polymer/nemati phase
diagram has been observed experimentally for the
PMMA/E7 and PMMA—-OH/E7 systems®2°

B. Temperatur e quenc h into liquid +liqui d coexistence
region

Having establishd the thermodynant pha® diagran of
the polymer/nemati liquid crystals it is of natura interes to
explore the dynamt aspecs of pha® separatia and nematic
orderirg within thes regions The emergene of domain
morphologis has bee first calculata for the critical com-
position in orde to simulak a temperatue (T) quend ex-
perimert into the L +L coexistene region e.g, 55°C [i.e.,
at region (a)]. Figure 2 shows the tempora evolution of the
compositionhorde paramete (or volume fraction), depict-
ing the emergene of the bicontinuows doman morphology
reminisceh of spinodéd decompositia (SD). As expected,
the analogos orientationd orda paramete shows no tex-
ture, asthe liquid crystak are practicall in the isotropt state
(see the picture at 200000 steps in Fig. 2). With elapsed
time, the SD domairs grow via coalescenceThe interface
boundaris are nat clearly discernibé in the early periad of
pha® separatia (10000 step$, but becone distind in the
later times exhibiting the distina concentratio gradient
(e.g, see 50000 to 200000 steps. This observatia is con-
sistert with the convention&liquid-liquid pha® separation
in binaly polyme blends.

Fourig transformatio was carried out to obtan the
structue factar analogos to the scatterig wave number
maximum The temporad evolution of the scatterilg patterns,
as obtainal by Fourig transformirg the doman structue of
Fig. 2, is depictal in Fig. 3. Initially, the scatterimg is seem-
ingly dominatel by the therma fluctuations followed by the
developmenof a broad ard we&k scatterilg halo The ap-

Copyright ©2001. All Rights Reserved.
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Unstable L-L (¢ = 0.75, T = 55°C)

-1/*

log(t)

log(q,,)
s

10000
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50000 200000

FIG. 3. Tempor& evolution of the composition&structue factar as obtained
by Fourig transformiry the doman structue of Fig. 2.

pearane of the scatteriig halo suggest the developmenof
domah periodicity. This diffused scatterilg halo collapses
into a smalle diamete while becomiry sharper Concur-
rently, the intensiy increass immensely which may be at-
tributed to the coalescene of the domains.

The growth dynamic of the phase-separadelomairs is
analyzel customariy in terms of a powe law, i.e.,

()= &(t) et ™, (20
where the scatterilg wave numbe maximum q,,, is defined

as q=(4m/\)sin6,/2, & represents the length scale or do-

main size and « is the growth exponent. To quantify the
chang in lengh scak (or domah size), the scattering
maxima were plotted agains elapse time in adoubk loga-
rithmic form in Fig. 3. In the early period the structue fac-
tor is virtually invariant suggestie of spinodé decomposi-
tion (SD). In the intermedia¢ stage the structue factor
decrease rapidly with a slope of —1/3 due to the coales-
cene of the SD domains Thes features are familiar char-
acteristis of the liquid—liquid pha® separatia via spinodal
decompositia at a critical quench As will be discussed
later, the crossove of the growth exponenfrom —1/3to —1
is discernibé only when the T quend is sufficienty deep
into the unstabé liquid+liquid coexistene region In the
presemn case the deg T quend experimers will lead to the
nematc—liquid pha® separationthus the growth behavior
is expectd to be different from the conventiond isotropic
liquid—isotropic liquid pha® separation.

C. Temperatur e quenc h into a nemati c—liquid
coexistenc e region

The T-quenchsinto the N+ L region shav severanote-
worthy features Figure 4 shows the tempor# evolution of
the compositionh orde paramete (uppe row) ard of the
orientationhorde paramete (lower row) at a critical quench
to 25°C [regian (c) in the phag diagran of Fig. 1]. Tiny
multiple domairs emerg instantaneougl from the concen-
tration fluctuation However the orientation& orde param-
eta shows no texture in the correspondig initial periad of
1000 steps With elapsé time, the structure in the concen-
tration field (i.e., the compositionhorda parameterevolve

H.-W. Chiu and T. Kyu 6001

Unstable L-N (¢ =0.75, T=25°C) Upper row-Composition

e Dol DR DR
(a) 1000 (d) 100000

Lower row-Orientation

Pattern Formation

FIG. 4. Temporé& evolutiors of compositionhorde paramete (uppe row)
and orientation& orde paramete (lower row) at a critica quend of 25°C
into the nematc—liquid coexistene region (c) in Fig. 1. The calculatior was
performel using the following parametersD,=1.8 ard D,=0.2 Other
parametes are kept the sane as thos in Fig. 2.

into the interconnectd texture suggestie of pha® separa-
tion via spinod& decomposition Concurrently the nematic
orderirg takes place within the interconnectd domairs as
shown in the orientation& orde paramete field at 5000
steps The interconnecté domairs further grow in size via

coalescenceand the orientation& orderirg increase subse-
quenty within thee growing domairs (t=5000. With

elapsé time, thes interconnectd structures eventually
bre&k down into smalle domairs while transformimg gradu-
ally into adrople shage (see the uppe row at t=2100000). It

shoutl be emphasizé tha sud a pattern-formimg process
has bea observe experimentall in a PMMA—-OH/E7 mix-

ture reporta earlie (see Fig. 5 of Ref. 20).

As mentiona beforg the morpholoy emergiry process
in a polyme dispersd liquid crystd systen involves a com-
petition betwee the liquid-liquid pha® separatia and the
nematt ordering According to the combinal FH/MS
theory > nematt orderirg will occu only when the concen-
tration of the liquid crystak exceed the critical concentra-
tion ¢y =T/Ty, . During the initial stage the pha® separa-
tion proces is mainly driven by liquid—liquid SD due to the
fact tha the LC concentratia in the phase-separaledo-

Unstable L-N (¢ = 0.75, T=25°C)  Upper row-Composition

(a) 1000 (b) 5000 (c) 10000 (d) 100000

Lower row-Orientation

Structure Factor

FIG. 5. Tempora evolutiors of the compositiona structue factar (upper
row) ard orientationa structue factar (lower row) as obtaine by Fourier
transformiry the doman structue of Fig. 4.

Copyright ©2001. All Rights Reserved.
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FIG. 6. Tempora evolution of the scatterig wave numbe maximun cor-

respondig to the growth of lengh scak for (a) the compositionh order

parametefrom Fig. 4 (uppe row), ard (b) the orientationdorde parameter
from Fig. 4 (lower row).

mairs has yet to read the critical concentrationgy . In the
intermedia¢ stage nematc orderirg occuss within the inter-
connectd domairs as the LC concentratia reachesgy .
The liquid-liquid pha separatia is probaby still dominant
over the nematc orderirg in the early and intermediag peri-
ods For the late stag of pha® separation the spinodal
structures bre&k down ard transfom into the droplet-like
domairs that may be attributed to the instability driven by
the dominarn nematc ordering Although the gradien of the
interfac bounday is clearly discernibé in the compositional
orda paramete (hereafte called the concentratia field),
ther is virtually no gradien in the interfae bounday in the
orientationd orde paramete (abbreviatd as the orientation
field). Recal tha in the Maier—Saue theory!”*® the nem-
atic structue can form only when the orientationhorde pa-
ramete (s) exceed acritical value of s;=0.429 It appears
that LC and polymer chairs are presumab} mixed at various
extens sud tha a concentratio gradiert may devel® at the
interface Due to this mixing, there will be no nematc order-
ing for arny s value less than 0.429 hence the orientational

H.-W. Chiu and T. Kyu
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FIG. 7. Tempora evolution of scatterig wave numbe maximun for the
60/40 E7/PMMA mixture obtaineal by time-resolve light scattering.

ordea parametewill underg abrug chang at the interface.
Consequentlythe bounday appeas shap in the orientation
field.

To mimic the growth of the structue factors Fourier
transformatio was undertakea on the emergirg domain
structure resultirg in the scatterilg patterns As shown in
Fig. 5, the scatterig halo is a typicd signatue of phase
separatia via spinodéa decompositionOf particula interest
is the revelation of diffused scatteriig overlappig with the
existing scatterig halo (see t=5000 in the orientational
field). This diffused scatterig is believed to arise from the
interferene amoryg the nematc structure tha are emerging
within the preformal interconnectd SD domairs (see Fig.
4). As the nemate structue begirs to volume-fill in the pre-
formed SD domains the diffused scatterig diminishes
gradualy and eventualy emergs with the scatterig halo
arising from the concentratia fluctuations.

The scalirg behavia of the growth dynamics has been
analyzel in terms of the temporéd evolution of the scattering
maxima in both concentratia and orientation fields Figures
6(@) and (b) showv the growth curves for temperature
guenchs to 25 ard 35°C alorng with the labela regions
(a—d) correspondig to the emergiry structures ard scatter-
ing patterrs of Figs 4 and 5. As can be sea in Fig. 6(a), the
tempora evolution of the scatterig maximum for the con-
centratian field initially follows a powe law of —1/3, then
crosss ove to the —1 regime wher the hydrodynamg ef-
fect become dominant In the crossoveregime it is striking
to discen a plateas (or inflection) region correspondig to
the onsé of the breakdow of the interconnecté structure
[in Fig. 4, region (d)]. The plateal is more pronouncd for
the deepe T quent (25°C) relative to the shallov case
(35°C) [Figure 6(b)]. It appeas tha liquid-liquid phase
separatia initially predominate over the nematc ordering
in the deepe quench Subsequentlythe nematc ordering
probaby drives the systen to be unstable leadirg to the
breakdow of the interconnectd domains This crossover
region is identifiabke in the tempord evolution of the scatter-
ing maximum for the orientatio field shown in Fig. 6(b).

The existene of a platea in the growth dynamt plot
can be verified experimentally:>?° Figure 7 shows the tem-
pord evolution of scatteriig wave numbe maximum for the

Copyright ©2001. All Rights Reserved.
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Unstable N-L (¢ = 0.95, T=25°C) Upper row-Composition

100,000

Lower row-Orientation

Pattern Formation

FIG. 8. Tempora evolutiors of compositionaorde paramete (uppe row)
ard orientation& orde paramete (lower row) for a T quend into the un-
stabk nematc region (d) in Fig. 1, where T=25°C and ¢=0.95. The
calculation was performel with the following parametersD,=1.8 ard D,
=0.2 Othe parametes are kept the sane as thos in Fig. 2.

60/40 E7/PMMA obtained by time-resolved light
scattering® The T quend experimen was undertake from
a single-phas temperatue of 93°C to various temperatures
within the N+L coexistene region The inflection can be
discernd at deg quenche to 25 and 35°C. However it is
no longe discernibé at 45°C. In the origind paper the sig-
nificance of the inflection was nat realized ard therefoe the
lines were drawn throuch the inflection regions In another
dynamt study on the E7/PMMA—OH systen?’ a similar
inflection was observé in the growth curve It is reasonable
to infer that the presen calculation bas& on the coupled
TDGL equatiors (type C) in conjunctian with the combined
FH/MS theory, truly capture the experimenthtrend of the
growth dynamics of liquid crystd domains.

D. Temperatur e quench into an unstable
nemati c-liqui d region

The predictim of the nematé—liquid (N—L) spinodatf
line is nat only importart in the establishmenof pha dia-
gram of polymer/liqud crystd mixtures but also opers up a
new avenwe pertainirg to developmenof a nematc spinodal
structure To the beg of our knowledge the experimental
verification of such an N—L spinoda region in thermody-
namic pha® diagrans and the dynamt aspetof pha® sepa-
ration via the N—L spinod& decompositioa remain unex-
plored therefore a challengiy problem In orde to
demonstrat the existene of sud an N—L spinoda line and
to characterie the structue growth driven by the nematic
spinod& mechanismthe emergene of the LC doman struc-
tures following severd T quenche into the unstable
nematc-liquid coexistene regiors has bean calculated
basel on the aforementionéd TDGL equations along with
the combinel FH/MS theory.

Figure 8 shows the temporad evolutiors of compositional
(uppe row) ard orientation& (lower row) orde parameters
for a T quend into the unstabé nemate region (d) in Fig. 1
where T=25°C and ¢=0.95. Tiny multiple domains form
instantaneouygl and subsequengl evolve into the intercon-
nectal texture with elapse time, suggestie of pha® sepa-
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FIG. 9. Temporéa evolutiors of compositionhorde paramete (uppe row)
and orientation& orde paramete (lower row) for a T quend into the un-
stabk nematt region (f) in Fig. 1, wher T=55°C and ¢=0.985. The

calculation was performel using the following parametersD,;=9 ard D,
=1. Othea parametes are kept the sane as thos in Fig. 2.

ration via spinod& decompositionSince the T quend per-
formed is outsice the envelog of the liquid—liquid spinodal,
pha® separatio mug be induced by the nematc orderirg of

the LC molecules Ther is littl e or no differenc in the tex-
tures betwe@ the concentratio ard orientatio fields The
lengh scak (or the SD domah size in the presemn off-

critical quend into the unstabé nematc region is smal as
compare to thos of the critical quend to the region (c).

This differene may be attributed to the dominatian of the
nematc orderirg ove the pha® separatia in the unstable
nematc region Hence it is reasonald to concluce that the
bicontinuows structure thus formed in the unstabé nematic
region (d) are due to the nematc—iquid spinod& decompo-
sition.

To further confim the existene of the N—L spinodal,
anothe T quent has been undertaka into the unstabé nem-
atic region at T=55°C and ¢=0.985, i.e., regiortf) in Fig.
1. This region correspond to the borde of the metastable
liquid and unstabé nematics Figure 9 shows the calculated
tempora evolutiors of compositiona(uppe row) ard orien-
tationd (lower row) orde parametersThe interconnected
texture formed initially (t=100) is reminiscem of a spinodal
structure The lengh scak of percolaté structue increases
with elapsé time, and eventualy transforns into droplet
morpholoy (t=500, suggestig a transitim from a
nematc-liquid spinoda to a cluste regime The LC droplet
structue grows in size with elapseé time, while the back-
grourd matrix retairs the bicontinuos structue (t
=10000. Later, the interconnecté structue is totally
maske& unde the LC dropld textures due to the dominant
appearane of the drople structue (t=2100000).

To verify the coexistene of the dropld morpholoy and
the spinoda texture Fourig transformatio of the domain
structures was performeal to discen the differene in the
lengh scales of the two structuresFigure 10 shows the tem-
pord evolution of the correspondig scatterilg patterrs ob-
tainad by Fourig transformirg the doman structure of Fig.
9. The structue factors of the concentratia (uppe row) and
orientatian (lower row) orde parametes both initially show
a scatterilg ring, suggestie of a spinodd decomposition
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FIG. 10. Tempora evolutiors of the compositiona structue facta (upper
row) ard orientationa structue factar (lower row) as obtainel by Fourier
transformirg the doman structue of Fig. 9.

(e.g, seet=100. Later, a secoml scatteriiy halo appeas at
the cente (t=10000 correspondig to the dispersio of
tiny LC droples within the interconnecté domains Subse-
quently, thee LC droples grow in size and eventualy fill
the entire interconnectd domains resultirg in the fading of
the oute scatterig ring (t=2100000. Neverthelessthe co-
existene of the two scatterirg rings for the orientation field
permits the investigation of the growth of both structures
separately The tempora evolution of avera@ lengh scales
for the two structure in the concentratio and orientation
fields may be characterizé by the evolution of the corre-
spondiry scatterip maxima As illustrated in Fig. 11, the
progressia of the scatterig maximum for the intercon-
nectel texture i.e., the oute ring of the scatteriig pattern,
initially follows a powe law of —1/3, then levels off. The
temporé evolution of the lengh scak for the LC droplets,
i.e, the secoml pe& in the scatterilg pattern also follows
the —1/3 law. The coexistene of the dud scatterig maxi-
muns suggest the existene of dropld dispersios within
the interconnectd spinoda texture.

0.6
-1/3
o 00000 1st peak
04}
0.2}
.-
g
2
= o0l 2nd peak
| -1/3
021, Composition
o Orientation
_04 1 A I 1
1 2 3 4 5 6

log(t)

FIG. 11 Tempora evolution of the scatterig wave numbe maximum cor-
respondig to the growth of the doman structure shown in Fig. 9.
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FIG. 12. Tempor&evolutiors of compositionhorde paramete(uppe row)
and orientationa orde paramete (lower row) for a T quend into the meta-
stabk liquid—nemate region (e) in Fig. 1, where T=30°C and¢=0.9. The
calculation was performel using the following parametersD,=3.6 and
D,=0.4. Othe parametes are kept the sane as thos in Fig. 2.

E. Temperatur e quench into a metastable
liqui d—nemati c region

One importart characteristi of a metastat# region is
tha it is unstabé agains large fluctuations In orde for the
pha separatia to occu in the metastat# region (bourd by
the L—L spinod& and the N—I transitian lines), it is neces-
sal to introdue asufficiently large therma noise into the
system To simulae the domain-formirg proces within such
a metastat# region a temperatue quent was performed
into the metastal# liquid—nemat¢ region at T=30°C and
¢=0.90 i.e, region (e) in Fig. 1. Figure 12 shows the cor-
respondig tempora evolutiors of the composition& order
paramete (uppeg row) ard orientationh orde parameter
(lower row). Tiny droples form instantaneouglwithin abi-
continuos matrix (t=100 and subsequenyl coarsa (t
=1000-5000, which is atypicd characterist of nucle-
ation and growth (NG). Concurrently the bicontinuois struc-
ture, reminiscem of a spinod# texture appeas in the back-
ground matrix and evolves via coalescence (t
=1000-5000. Eventually the doman structue transforms
into interconnecté doman structue everywheresuggestive
of spinod& decompositia (t=100000). Hence the growth
of the doman structue is characterizé¢ seemingy by a
crossove from the NG to SD throudh the coexistene of NG
ard SD. It shout be pointed out tha the overlappe NG/SD
structue is nonequilibrium in characterthat is to say; it is
observal# only in the nonequilibrium ard nonlinea dynami-
cd process This crossove behavia can be further verified
from the temporéd evolution of structue factors.

Figure 13 depict the scatterilg patterrs corresponding
to the doman structure in Fig. 12. The concentratia struc-
ture factar (uppe row) initially shows aspinoda ring over-
lapping with a diffused scatteriig patten at the cente (t
=100, which suggest the coexistene of SD ard NG. The
oute scatterimg ring collapse into a smalle diamete while
the intensiy increass (t=1000—-5000, which may be at-
tributed to the growth of the interconnecté SD structure.
Concurrently the size of the inner scatterirg patten reduces
due to the growth of the dropleé domain Ultimately, the
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FIG. 13. Tempora evolutiors of the compositiona structue facta (upper
row) ard orientationa structue factar (lower row) as obtainel by Fourier
transformirgy the doman structure of Fig. 12.

inner scatteriiy patten disappeardeaving only the spinodal
ring, which in turn suggest the crossove proces from NG
ard SD to SD throuch the coexistene of NG and SD (t
=100000). On the othe hand the structue factar due to
orientation of the LC directoss initially shows only a very
diffused patten without any clea maximum suggestie of a
nucleatio ard growth proces (t=100-1000. The absence
of a scatterig ring implies the lack of periodicity in the
doman structure At t=500Q the coexistene of a spinodal
ring correspondig to SD and adiffused scatterimgy patten at
the cente correspondig to NG can be discernd clearly.
Later, only the spinodé ring exiss in the scatterilg pattern
since the doman structue has transforme completey into
the interconnectd domains indicating the crossove from
NG to SD via the coexistene of NG and SD. Sudch a cross-
over behavig probaby depend on the competition between
the NG ard SD as the systen was thrug into the unstable
stae throuch a metastals state.

F. Compariso n with experiments

To evaluae the predictive capabiliy of the present
theory, it is imperati\e to teg with the experimentall ob-
servel structures Figure 14 depics a comparisa between
the calculatel patterrs and experimenth results The top-
right picture is a transiem morpholoy of the PMMA/E7
mixture taken unde crosse polarizers showirg the nematic
line disinclination developd within the irregular-shap do-
mains The top-left picture is the calculatel patten of the
orientationd order paramete for a T quend into the meta-
stabk liguid—nematt region (e) in Fig. 1, showirg nematic
orderirg within a spinod#-like texture It is striking to see
the resemblane of the calculatel and observel doman tex-
tures althoudh the presemtheoly does not take into account
the nemate line disinclination.

Anothe comparisa was mack betwea our calculation
ard the experimenth observatio of the PMMMA/E7 as
shown at the bottam row of Fig. 14. The bottom-let picture
isthe predictal patten for a T quend into the unstabé nem-
atic region (f) in Fig. 1 showirg the coexistene of droplet
domairs ard an interconnecte texture The bottom-right
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FIG. 14. Comparisa betwea the calculatel patterrs and experimenthob-
servation showirg remarkabé similarity.

picture in Fig. 14 is experimentaf observe textute for the
E7/PMMA mixture The remarkaby similar patterrs be-
tween the simulatel and observel LC doman structure at-
ted to the predictive capabiliy of the presem theory.

IV. CONCLUSION

We have demonstrated that the time-dependent
Ginzbug-Landai (TDGL, type C) equatiois in conjunction
with the combineal Flory—Huggirs (FH)/Maier—Saue (MS)
theory, are capabé of predictirg arich variety of morpholo-
gies of nematc LC/polyme mixtures The TDGL equations
are basicaly two couplal equatios in which a conserved
compositiond orde paramete (i.e., the volume fraction of
the liquid crystalg is coupled with a nonconserve orienta-
tiond ordea parameterFor the ca® of a critica T quench
into the nematictliquid region the spinoda texture eventu-
ally breals down into irregula droplé structuresin the cal-
culation a plateai region was observe betwee the interme-
diate stage (—1/3 regime to the late stage growth (—1
regime in the tempord evolution of the scatterig wave
numbe maximum curve More importantly, the existene of
suc a platea (or inflection) can be verified experimentally
in the E7/PMMA ard E7/PMMA—-OH mixtures A T quench
into the unstabé nemate region confirms the existene of the
nematc-liquid spinoda line owing to the developmenof an
interconnected nematc—liquid pha® separate texture remi-
niscen of spinoda decomposition The growth of domain
structue for a T quend into the metastal# liqguid—nematic
region shows a crossove from the nucleatio and growth to
the spinod& decompositia mechanis through the coexist-
enc of NG and SD. The predictive capabiliyy of the present
theoy has been demonstrate throuch the comparisa with
the experimenthobservatios in the PMMA/E7 mixtures.
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