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SUMMARY 
In this paper, the time-dependent Ginzburg-Landau model for mixtures containing 

nematogens has been applied to mixtures of low molecular weight liquid crystals and 
flexible polymers. Dynamic equations for the time evolution of concentration and orien- 
tation fluctuations and the structure factors for these fluctuations are given. It is shown 
that the coupling between concentration and orientation fluctuations is absent in the iso- 
tropic spinodal region, thus the evolution of the structure factors for the concentration 
fluctuations falls into the Cahn-Hilliard classic category and it exhibits no maximum in 
the structure factors of orientation fluctuations. We should emphasize that, in the aniso- 
tropic spinodal region, both concentration and orientation structure factors possess a 
maximum but not coincide with each other and both are shifting to smaller wave numbers 
according to the scaling relation, qmax - z", as time increases. The value of a closely 
correlates to the interfacial free-energy parameters. 

I. Introduction 

Films composed of low molecular weight liquid crystals (small-molecule liquid 
crystals, SMLCs) microdroplets dispersed in solid polymer matrices are promising 
materials for electrooptical applications, including information display and privacy 
windows'4). These materials are formed by incorporation of SMLCs in UV cured 
polymers or in a crosslinked epoxy binde?.@. This kind of polymer dispersed liquid 
crystalline (PDLC) materials are also formed by using thermoplastics which offer a 
great variety of usable polymers, and techniques of forming films. Since, in this 
case, the miscibility or the phase separation dynamics of mixtures of polymers and 
SMLCs controls the performance of the PDLC materials, thus the phase behavior 
and phase separation kinetics are of experimental and theoretical interest. 

Although many theoretical and experimental studies have been performed over 
the past decade to better understand spinodal decomposition in flexible polymer 
mixtures7), relatively few well controlled experiments have been completed which 
deal with the structure development in mixtures of SMLCs and flexible polymers 
separating via spinodal decomp~s i t ion~~~) .  In spite of the significant technical impor- 
tance and potential commercial interest in PDLC materials, our understanding of 
their phase decomposition kinetics is still quite limited. This is undoubtedly partially 
attributed to the lack of a theoretical framework within which to interpret experi- 
mental results. Mixtures of SMLCs and flexible polymers are a unique class of 
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materials, their nematic-isotropic phase separation and the isotropic-isotropic one 
with a critical point have often been observed8*’). It is expected that the kinetics of 
spinodal decomposition in the isotropic-isotropic region can be interpreted within 
the framework of Cahn’s theory”, ll). A theory for the kinetic evolution of the struc- 
ture factors applicable to LC solutions has been proposed”). However, this theory 
allows the calculation of the structure factors in dilute isotropic phase only. Another 
theoretical framework based on the generalized time-dependent Ginzburg-Landau 
(TDGL) model has been developed to treat the kinetics of spinodal decomposition 
in LC  solution^'^). This theory is valid over the entire range of composition includ- 
ing both isotropic-isotropic and anisotropic-isotropic phase separations. In ref. 13), 

the liquid crystalline polymer solution is treated as a simple example; however, this 
theoretical framework based on the TDGL model is easily generalized to a variety 
of systems containing anisotropic moieties. Therefore, in this work, the theoretical 
framework developed by Dorganl3) will be used to deal with the kinetics of spinodal 
decomposition in the mixtures of SMLCs and flexible polymers. 

The phase behavior is of central importance in the study of phase separation 
dynamics. For simple polymer mixtures, the phase separation can be described by 
two mechanisms, i. e., nucleation growth (NG) in the metastable region and spinodal 
decomposition (SD) in the unstable region of the phase diagram. More complex 
than this, in the PDLC system, there are two spinodal regions, i. e., the isotropic and 
anisotropic SD regions (see Fig. 1). This kind of phase behavior has been observed 
experimentally and has also been predicted by several theories, such as the theory 
based on the Landau-de Gennes expansion of the free-energy of the mixtures’”21). 
Among these theories, the one developed by Liu and Fredrickson”) used a micro- 
scopic model of worm-like chains and thus can continually tune the persistence 
length from the flexible limit to the rod limit. The derived free-energy expressions 
provide the basis for bulk and interfacial thermodynamic analysis of LC and conju- 
gated blends. More recently, this theory has been extended to study the SD kinetics 
of rodcoil mixtures by Liu and Fredricksonzo). In this theory the growth rates for 
each component of the order parameter tensor are obtained in the linearization 
approximation. To our knowledge, this is the first theoretical treatment on the 
kinetics of SD in the coilhod mixtures. However, the set of kinetic equations con- 
tains six coupled partial differential equations and it is not convenient to study the 
general kinetic behavior of SD in rodcoil mixtures. In this work, we adopt the 
model free-energy expression introduced previously by us22-24) to study the SD 
kinetics in the early stage of SMLCs/flexible polymers mixtures. In our model free- 
energy, the Flory lattic model for polymer solutions25) and the Lebwohl-Lasher 
nematogen are combined to describe the phase separation and the orien- 
tational ordering. This model has the advantages of simplicity, especially suitable to 
the SMLCdflexible polymers mixtures and agree with the experimental phase beha- 
vior quite wel122*23). Another advantage of this model, which is important to this 
work, is the convenience of studying the kinetics of SD in SMLCs/flexible polymers 
mixtures although the scalar orientational order parameter is used and only the 
growth rate average over the components of the orientational order parameter tensor 
is given. Maybe the more important difference between our work and ref.”) is that 
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they have not noticed the existence of two spinodal regions, i.e., isotropic and aniso- 
tropic spinodal regions, in their paper, and thus the difference of SD kinetics 
between these two spinodal regions is not discussed. Therefore, we will focus our 
attention on the difference of SD kinetics between two spinodal regions. 

In section I1 below, the brief introduction of Dorgan's kinetic model and the 
model free-energy functional are given. The early stage kinetics of SD quenched 
into isotropic and anisotropic spinodal regions are given in section 111. In section IV, 
the main conclusions drawn from this work are presented. 

11. Theory 

11.1. Kinetic model 

In the mixtures of SMLCs and polymers, there are two order parameters, i. e., the 
LC concentration q and the orientational order parameter P2, the second order 
Legendre polynomial, which is defined as 

) P* = ( 1 ( 3 e o s ~ 0 -  1 1) 

where 9 is the angle between the long axis of the LC molecules and the director; (*) 
represents the average over certain orientational distribution functions. It should be 
noted that q is a conserved order parameter, but P2 is a nonconserved order para- 
meter. Therefore, following DorganI3), the kinetic model for the present system can 
be written as 

where M and R are the mobilities of the polymer segment and the rotational mobility 
of the nematogen, respectively; F is the free-energy functional of the mixture, ZiFI6q 
and 6F/FP2 are the functional derivatives of the free-energy functional to the order 
parameters. The dynamically coupled equation, Eq. (2.2), is also called Model C 
according to Hohenberg and Halperin2@. 

The free-energy functional for the mixtures of SMLCsIpolymers should be written 
as12. 13-19) 

(2 .3 )  

wheref(9, P2)  is the free-energy density of the homogeneous system, K I V ~ ~ ~  and 
v(VP2 l 2  are the free-energy densities induced by concentration and orientational 
order parameter gradients, K and 7 are the corresponding interfacial gradient energy 



z. Lin, H. Zhang, Y. Yang 1156 

parameters. Following Cahn and Hilliard, assuming that the order parameter fluctu- 
ations are small for the early stage of SD"). we can expand the free-energy func- 
tional into Taylor series, then substitute into Eq. (2.2) and keep only the linear terms; 
we arrive at 

The Fourier transformation of Eq. (2.4) yields 

with the reduced variables, 

z = M t  (2.6) 

Dorgan13) has solved this set of equations and obtained 

P2(4, 4 = a3(d exP[wl ( 4 ) 4  + a4(4) exp[o2(4)tI (2.7) 

We should mention that there are some mistakes in the amplification factors and 
the coefficients given in ref.13) The correct equations of amplification factors and 
the coefficients are present in the Appendix (see Eqs. (Al) and (A2)) because the 
equations are trivial. For the same reason, the obtained structure factors for both 
concentration and orientation are given in the Appendix (see Eq. (A4)). 

11.2. Free-energy functional 

Combining the Flory-Huggins model for the flexible polymer solutions and the 
Lebwohl-Lasher model for the nematogens, the free-energy density for mixtures of 
SMLCs and polymers can be written as22-24) 
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where x is the chain length of flexible polymer chain; xLp is the isotropic interaction 
parameter between SMLC and polymer segment; xu = zd(k7)  is the anisotropic 
interaction parameter between SMLCs; the orientational entropy is related to the 
orientational partition function, 

where E is the Maier-Saupe parameter which measures the anisotropic interaction 
between liquid crystalline molecules; z is the coordination number. The orientational 
order parameter P2 can be obtained through the fdlowing self-consistent expres- 
sion, 

ZE 1 1 dcos6- [(3cos20 - 1)/2]exp{-p(r)[(3eos26- kT 1)/2]Pz[p(r)]} 

ZIP(4l 
P2b(r)l = 

(2.10) 

by the iterative method. For the details of calculation, one can refer to our previous 
 paper^^^-'^). 

Typical phase diagrams calculated from this theory are shown in Fig. 1. In Fig. 1, 
the solid lines are the phase equilibrium curves and the dashed lines are spinodal 
curves. It can be seen that there are two spinodal regions, i.e., the isotropic and an- 
isotropic spinodal regions. The two spinodal regions are merged together on the iso- 
tropic-nematic transition boundary. Another character of the phase diagrams is that 
the appearance of an isotropic-isatropic biphasic region as the exclusive isotropic 
interaction between SMLC and polymer segment is stronger, i. e., for higher values 
of xLp The predicted phase behavior agrees with the experimentally observed results 
quite We1122-24). 

111. Calculational results and discmshns 

A set of typical quench trajectories which serve for the following example calcu- 
lations are shown in Fig. 1. The final state of quench trajectory 1 (or 1') is in the 
isotropic spinodal region. While the final state of quench trajectory 2 is in the aniso- 
tropic spinodal region. In the following discussion, we would like to show the great 
difference between these two SD regions. As the calculational results convinced us 
that the SD features are only dependent on the regions in the phase diagrams. There- 
fore, in the same kind of regions, the SD behavior is essentially the same for the 
phase diagrams given in Fig. 1 .  Thus, m the foIIowing discussion, mainly the phase 
diagram in Fig. l(a) is concerned. 

HI. 1. Amplification factors 

The amplification factors are d central irrprtance in the early stage of SD 
dynamics in mixtures of SMLCs/fIexibfe polymers. We have calculated the amplifi- 
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Fig. 1 .  Phase diagrams of SMLCs/flexible polymers mixtures. TNI = 308.05 K. (a) xLp = 
349.71/T-0.0001, ( b ) x p =  433.65/T-0.0001 
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Tab. 1. Parameter values for mixtures of SMLUflexible polymer systems 

10-15 10-l0 1 

cation factors in different regions of the phase diagram. The parameters used in the 
calculations are essentially the same as that of Dorgan13) and are listed in Tab. 1. 
The calculated results are shown in Fig. 2, the corresponding interfacial gradient 
energy parameter is K = 10-l~ m-I. 

It is well known that the amplification factors are all negative in the metastable 
regions of the phase diagram, and hence all fluctuations are damped out, no fluctu- 
ations are amplified. In contrast to that, in the spinodal regions, the growth factor 
q ( q )  is positive and exhibits a strong maximum while the second growth factor 
q ( q )  is negative everywhere. It is seen that wl(q) is responsible for the growth of 
fluctuations, while w2(q) damps out their growth. 

111.2. Phase separation in the isotropic spinodal region 

In the isotropic spinodal region, the system will only form two isotropic phases in 
the early stage of SD. Even when the temperature is lower than the isotropic-aniso- 
tropic transition temperature of SMLCs (labeled as trajectory 1 in the phase dia- 
grams of Fig. l), the anisotropic phase can only be formed when the LCs concentra- 
tion exceeds the isotropic-anisotropic transition line depicted in Fig. 1, but by that 
time the system will be in the latter stage of SD and is already well beyond the linear 
regime. Therefore, we have P2 = 0 and 

following Eq. (A5) (see Appendix). It means that the coupling between fluctuations 
of order parameters is absent. On the other hand, from the phase separation thermo- 
dynamics, we should have 

in the spinodal region, while 

in all regions, as P2 is a nonconserved order parameter and corresponding to the vis- 
cous rotational relaxation of LCs. It is easily shown that in the isotropic spinodal 
regions we have the amplification factors w (from Eq. (Al) in the Appendix) as 
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Amplification Factors o versus the wave number q in Fig. l(a). (a) In the isotro- 

(2.11) 



Kinetics of spinodal decomposition in mixtures of ... 1161 

and hence the coefficients of Q. (2.7) (cf. Appendix) can be written as 

a1 ( 4 )  = d410)  
a 2 ( d  = 0 
a3(q) = 0 
a4(q) = P2(4,0)  (2.12) 

Following Eq. (A4), the structure factor of the concentration fluctuations exhibits 
a maximum with the wave number for the fastest growth rate of the concentration 
fluctuations, 

(2.13) 

(2.14) 

This is exactly the same as Cahn's classic theory"). However, no maximum exists in 
the structure factors for the orientational order parameter fluctuations as the value of 
w,(q) is always negative. We obtain orientation structure factors as: 

(2.15) 

The calculated results are shown in Fig. 3. It can be seen that the structure factors 
for the concentration fluctuations are growing with time but without shifting of 
qmax. It is also shown that there exists no peak in the structure factors for the orienta- 
tional order parameter and their intensity decreases with increasing time. 

111.3. Phase separation in the anisotropic spinodal region 

In contrast to the isotropic spinodal region, the coupling between concentration 
and orientational order parameters exists in the anisotropic spinodal region. It can be 
expected that the ordering process will start immediately after quenching into the 
anisotropic spinodal region. 

Fig. 4 shows the evolution of structure factors after quenching into the anisotropic 
spinodal region. In this case, structure factors for both concentration and orientation 
fluctuations exhibit a maximum and are growing with increasing time. Comparing 
concentration structure factors S,(q, z)/S,(q, 0) in the anisotropic spinodal region 
(see Fig. 4(a)) to those in the isotropic spinodal region (see Fig. 3(a)), we may see 
that S,(q, z)/S,(q, 0) in the anisotropic spinodal region are higher than those in iso- 
tropic spinodal region. The reason could be that LCs in the highly ordered state 
exclude the polymeric coil more strongly in the anisotropic spinodal region, so the 
phase separation will proceed spontaneously faster than that in the isotropic spinodal 
region. Also in the anisotropic spinodal region, comparing the structure factors for 
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Fig. 3. Time evolution of the structure factors S(q ,  z)/S(q, 0) versus the wave numbers 
q/q,,, or q in the isotropic spinodal region (i.e. (1) in Fig. l(a)). (a) Structure factors for 
concentration fluctuations grow with increasing time, but without shifting of qmax, in this 
case qmax is about 1.6 x lo6 rn-'. (b) Structure factors for the orientation fluctuations are 
shown; there exist no peak values and their intensity decreases with increasing time 
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Fig. 4. Time evolution of the structure factors S ( q ,  z)/S(q, 0) versus the wave numbers 
q/qmax in the anisotropic spinodal region (i.e. (2) in Fig. l(a)). (a) Structure factors for 
concentration fluctuations; (b) structure factors for orientation fluctuations. The two qmax 
are not coincident with each other and both shift to smaller q values. Two wave numbers 
q are normalized respectively with the minimum scaled time T corresponding to the value 
Of qmax 
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both concentration and Orientation fluctuations, we find that concentration structure 
factors are stronger than the orientation structure factors with increasing time. That 
is to say, the concentration fluctuations may grow faster than the orientation fluctu- 
ations. One interesting feature in the anisotropic spinodal region is that the two qmax 
are not coincident with each other and both are shifting to smaller q values even in 
the absence of random noise. The shifting of the orientation structure factors agrees 
with the results of Dorganl3). However, Dorgan has not observed the peak shifting of 
the structure factors of concentration fluctuations. In order to understand the behav- 
ior of the structure factors, the plot of lnq,,, vs. the evolution time l n t  for concen- 
tration and orientation structure factors is shown in Fig. 5. 
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structure factors. qmax can be scaled as qmax - z*. The values of a are given in the figure 

Plots of lnq,, versus the evolution time ln t  for concentration and orientation 

It is interesting to note that qmax can be well scaled as 

(2.16) 

with a varying with the interfacial free energy parameters, K and q, in the range we 
studied. From Fig. 5, it is clear that the value of a is slightly dependent on the values 
of K and q. Besides this, the difference between qmax of the concentration and orien- 
tation fluctuations also varies with the value of K. It reveals that the interfacial free- 
energy of concentration fluctuations and orientation fluctuations controls the coup- 
ling between the two order parameters. 
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IV. Conclusions 
In this paper, the TDGL model for SD in mixtures containing nematogens intro- 

duced by Dorgan”) has been applied to study the SD for the mixtures of SMLCs and 
flexible polymers. Within the framework of this model, the initial stage of SD is 
considered by the linearization of the free-energy for mixtures of SMLCs and flex- 
ible  polymer^^^-'^). 

The structure factors for the conserved order parameter (concentration) and the 
nonconserved order parameter (the orientation order parameter) are calculated. It is 
found that the SD behavior in the isotropic spinodal region falls into the category of 
the Cahn-Hilliard classic theory. In this region, the orientational order parameter 
P2 = 0 in the initial stage of SD and thus the coupIing between two order parameters 
is absent. It is expected that two isotropic phases are formed in the initial stage of 
SD of the isotropic spinodal region. Therefore, as usual, the structure factor of con- 
centration fluctuations has a maximum, qmax, which represents the concentration 
fluctuations wave number with fastest growing rate. Their intensity increases with 
time and without shifting of the peak position. However, the maximum of the struc- 
ture factors for the orientational order parameter is absent and its intensity is mono- 
tonously decreasing with time due to the viscous relaxation nature of the orientation 
order parameter. 

In the anisotropic spinodal region, both concentration and orientational order 
parameter structure factors exhibit a maximum. In this region, two anisotropic 
phases are formed in the initial stage of SD. It is surprising that the peak values of 
both structure factors shift to smaller q values with time even without the random 
noise terms. The shifting of the peaks well follows the scaling relation, qmax - P, 
with a varying with the interfacial free energy parameters, K and q. in the range we 
studied. Additionally, we conjectured that the coupling between the two order para- 
meters is strongly correlated to the interference between the interfaces of concentra- 
tion and orientation fluctuations. 

Appendix 

The amplification factors w in E Q  (2.7) can be written as 

+4 “,2(&):)’” M 
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( -$)o + 2.$] + 92 [ ($), + % 2 ] }  

2 -+{ (+[($)o+ 2 f d ]  - q Z [ ( $ ) , +  2 d ] )  

and with the coefficients of Eq. (2.7), 

the fluctuations presented in the initial state of the material can be written as’3) 

where the subscript b represents the initial position in the phase diagram where starts 
quenching. Then we can obtain the structure factors of concentration and orientation 
fluctuations, 
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The derivatives of the free-energy needed in Eqs. (2.5), (A3) and (A4) are given 
as follows, 

jl I [(3 cos2 8 - 1)/2] exp{ E p ( r ) [ ( 3  cos' 8 - 1)/2]P~[p(r)]} d cos 8 
kT 

ZIdr)l 

1'[(3cos20 - 1) /2]2exp{5p(r) [ (3~os28-  kT 1)/2]P2[p(r)]}dcos8 

Z[e(r)I 

1((3cos2 8 - 1)/2] exp{-p(r)[(3 ZE cos2 8 - 1)/2]P2[p(r)]} dcos0 
kT 

Z[dr)l 
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1 1’ [(3 cosz 0 - 1)/2] exp{ $p(r) [(3 cod 8 - 1)/2]P2 [p(r)] } d cos 0 

ZIc(r)l 

1 ’ [ ( 3  cosz8 - 1)/2]’ exp{Z(p(r)[(3cos2 kT 0 - l)/2]P~[p(r)]} dc050 

Z[eWl [ Jd1[(3cos2e- 1)/2]exp{~c(r)[(3Cos20- kT 1)/2]Pz[y(r)]}dcos8 

- XLu12(r)P2[r(r)l 

+ X L I 2  (r)Pz [c (r)l ji Z[a(r)l 

(A5) 

With the help of Eqs. (A5) and (A4), the early stage time evolution of the struc- 
ture factors can be calculated. 
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