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Phase-separated composite films: Experiment and theory
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A different phase-separation process is capable of producing a composite system consisting of a very thin
layer of liquid crystal in contact with a similarly thin layer of polymer. The morphology of the polymer
depends on the composition of the prepolymer-liquid crystal mixture and the rate of polymerization. A simple
one-dimensional theory is able to describe the essential features of this process.

PACS numbeps): 61.41+e, 61.30-v

[. INTRODUCTION high temperature is above the nematic-isotropic transition
point of the LC. This makes the system less viscous, which
It has recently been shown to be possible to prepare cellsastens the phase-separation process. The ratio close to
containing very thin layers of liquid crystédLC) by means 50:50 was chosen because it leads to better separation of the
of a phase-separation procg¢&$ The technique used to pro- LC and the polymer, as will be shown in Sec. Ill. After the
duce these systems, which are referred to as phase-separatednpletion of the phase separation, the sample was cooled to
composite films(PSCOF’'3, involved shining ultraviolet room temperature.
(UV) light onto one side of a cell containing a mixture of LC ~ To determine the internal structure of the devices obtained
and prepolymer. At low levels of illumination a sufficient in this manner, their optical texture was examined under a
amount of diffusion can occur to allow the complete separapolarizing microscope. It was found that the LC acquires a
tion of LC and polymer. homogeneous alignment due to the effect of the rubbed
In this paper we briefly report some experimental obserpolymer-coated substrate. Several cells were opened and
vations of the effect of changing the intensity of the illumi- washed with a solvent to remove the LC, and then observed
nation. We then present a simplified theoretical analysis ofinder a scanning electron microscope.
the phase-separation process, and draw some conclusions asThe mechanism responsible for the formation of PSCOF
to the effect of changing various parameters in the model. is nonuniform polymerizatiofi3]. The LC molecules absorb
UV light more strongly than anything else in the mixture at
wavelengths near 350 nm. As a result, an intensity gradient
is produced in the sample. Consequently, NOA-65 molecules
The technique used to construct the PSCOF structurirst undergo polymerization near the substrate closest to the
(Fig. 1 is essentially the same as that used for makingJV source and the LC molecules are expelled from the po-
polymer-dispersed liquid crystdPDLC) devices[2]. One lymerized volume. The rate of phase separation, which can
starts with a pair of substrates coated with transparent eled€ controlled by varying the intensity and the exposure time,
trodes of indium-tin-oxide. One of the substrates was spinis the most important factor in determining the resultant
coated with a layer of a commonly used polymer, such astructure. Four samples, with 40 wt% of the LC Felix-15-
polyvinyl alcohol, and then rubbed to enforce LC alignment.100 (commercial mixture from Hoechsand 60% prepoly-
The other substrate was left untreated. They were separatéder NOA-65, were prepared using Bm spacers to observe
by the glass-bead spacers commonly used in the LC displaipe effect of UV exposure on the final structure. All compo-
industry. The PSCOF structure has been designed to forments of the LC mixtures we used are miscible with the pre-
between these two substrates such that the LC and the polpolymer and immiscible with the polymer. Microscopic tex-
mer layers are in contact with the rubbed and the untreatetéires shown in Figs. (2)-2(d) illustrate how the resultant
substrates, respectively. As a result, the LC layer is alignegtructure changes from PSCOF to PDLC as the total UV
by the rubbed substrate, while the polymer layer, which doegosage applied in a given time varies over the range
not need to be aligned, is formed next to the untreated sub-

Il. EXPERIMENT

strate. Commercially ava!lable_ photocurable prepolymer . — UV Lamp
NOA-65 (Norland and various liquid crystals were used. VRN
The prepolymer and the LC were mixed at some ratio, typi- Glass Substrate
cally 60:40, and then introduced into the cell by capillary = Electrode
action at a temperature well above the clearing point of the __ Solidified
LC. Phase separation was carried out at a temperature of Polymer
around 100°C by exposing the cell to UV light incident
normally on the untreated substrate. The source of UV light - —_——_ =" -—1cC
was a xenon lamp operated at 200 W of electrical power, e __ Alignment
and exposure times around 5 min were used. The Glass Substraie ayer

. L . . Electrode
prepolymer-LC mixture is in the isotropic phase at the tem-
perature and the mixture ratio listed above. The relatively FIG. 1. Schemtic of the PSCOF structure.
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LC, ¢ of prepolymer, andy of immobile polymer, and are
assumed to be functions only of timeand distancez, from

the substrate on the side of the cell that is illuminated. In
reducing the description to concentrations, we note that all
the components involved in the phase separation are hydro-
carbon compounds with comparable densities. Because the
total volume is assumed constagt ¢+ n=1, and there

are only two independent variables describing the local com-
position. A third variable, however, does enter the model, as
it is necessary to specify the irradianicef the UV light.

In the absence of absorption of the UV light by the sys-
tem, the radiant incidence would be uniform, and the photo-
polymerization rate would not vary with distance from the
illuminated surface. The random nature of the polymeriza-
tion process would then lead to a time-varying distribution of
degree of polymerization, but such a distribution would be
the same in different regions of the cell. The volume fraction
of polymer molecules would increase with accumulated irra-

FIG. 2. Photographs taken through a microscope with sampleglatlon' and phase separation would occur, but there would

between crossed polarizers. Frdan to (d), the UV dosage applied always be a macroscopically uniform volume fraction of
varied from 0.75 to 20 mJ/ch polymer throgghqut the cell. . . . .
The real situation, however, is that UV light is predomi-

. _ nantly absorbed by the LC molecules, and so an intensity
0.75,7.5,15, and 20 mJ/émrespectively. These photo radient is present in the solution from the beginning of the

grapns_ were tatI;ertl ‘r’:’_'t?‘ t_he j_amplel be(tjweierlr(]:rofssed ?Olar'?'radiation proceskl]. As a consequence, the polymerization
ers. 1t 1s seen that high irradiance ieads 1o the formation o, jg higher close to the illuminated surface and thus more

hete:ogen]?t%us dstrulctture§ ;Taracégristic of ?tﬁ DL%‘ Th? dbrepolymer molecules are consumed there. A gradient of the
ameters of the droplets visible in Fig are of the order o prepolymer concentration is therefore produced, and this

2._4 pm. Thle PS%:OF stru_ctt:re forn;gd at IowFi_rradiance|eadS to a migration of the prepolymer molecules from the
gives a nearly uniform optical texturFig. 2@)]. Figures 1 45 the illuminated surface and also a migration of the
2(b) and Zc) show the formation of droplets elongated along LC molecules from the illuminated surface to the bulk.
the substrate rubbing direction at intermediate irradiancey;qanwhile. the migration of small moleculéprepolymer
Because the LC ?S in its @sotropic phase at the temperatureg, LO is ,much faster than that of the large polymer mol-
usec_i for polymerization, It must be assumed_ that the aniSOscyles, which eventually form the immobile polymer gel.
tropic morphology seen in Figs.I2 and 2c) is a conse- We consider both the migration of small molecules and
quence of the gffects of the rUbb?d substrate surface on tl}ﬁe formation of the immobile polymer network. For this
flow of LC during phase §epal_rat|c{d]. Measurerr_]ents on urpose, we treat the distribution of polymerization degree or
PSCO.F cells prepared \.N'th _dlfferent concentrations of they, gjecyjar weight in a simplified way. Of the three species
nematic LC E7(commercial mixture from_ Merckshow that resent—LC, prepolymer, and polymer—the LC molecules
the thickness of the LC layer depends directly on the amoury, je 44 giffusion only. The prepolymer molecules undergo
of LC in tzh_e ISC—prfephonme( m|xturedapd Lhat olnly a ?_rlnall diffusion, and are also consumed as the polymerization pro-
amount (. . 5%) of the LC is trapped in t € polymer lim.  ceeds. The polymer is treated as immobile, and hence does
The transition temperature of the LC obtained after complete, . diffuse, but has a local volume fraction that keeps grow-

phase separation deviates from that of the. orlglnal_ L ng as long as there are still prepolymer molecules at that
sample by less than 1 °C. This small change is most likely,4tion.

the consequence of an increase in impurity concentration ré- o, model is one-dimensional, along the substrate nor-
sulting from the expulsion into the LC of impurities origi- 5| here defined as thedirection in which the intensity
nally contained in the prepolymer. gradient is produced. The basic equations are as follows.
First, the concentrationy of the LC molecules changes
Ill. THEORY through a diffusion current,,, defined as the volume of LC

A complete theory of the formation of PSCOF's would Passing through unit area per unit time, so that
describe the evolution of the phase-separated system in terms P
of spatial and temporal distribution of LC, prepolymer, poly- e —V-J,. (1)
mer, and all the intermediate oligomers. It would also in- _
clude the effect of a rubbed substrate surface on the induc&econd, the concentratios of the prepolymer molecules
ment of nematic ordering in the otherwise isotropic LC changes both through a diffusion curréitand through po-
mixture, and its consequence for the polymer morphology. lymerization, which increases the concentratipof the im-
In this treatment we adopt a much simpler model. Wemobile polymer network. We thus have
assume that the essence of the phase-separation process can
be expressed in terms of the concentrations of just three con- % V.. In %)
stituents of the system. These are the volume fractibo$ at ¢ ot
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Third, the volume fractionn of the polymer network 1 g
changes in proportion to irradianteand the product of the
concentrations of the reactants, which are assumed to be thi
of the prepolymer,¢, and that of the sumg+ 5, of the
prepolymer and polymer. We are thus assuming a model oc

polyfunctional polymerization in which a reacting monomer -% | |e—eL=0.1,LC i
can combine with another monomer or attach at any pointor® =—=a L=0.1, polymer
an existing polymer molecule. This gives us o 0—0L=0.051LC
£ o— L=0.05, polymer
an S04 .
-t —Klg(p+ 7). () S
The real dependence @fy/dt on the concentrations of the 02 r
reactants is actually very complicated and usually deter-
mined empirically. But this complexity should not affect the N .
qualitative agreement between our theory and the experimen 0 % i 02 0.4 0.6 0.8 il
tal observations, which we will show below. Finally, the ir- distance from illuminated surface, z/d

radiancel decays with distance from the illuminated sub- _ _ _
strate at a rate assumed to be linear in the concentration of FIG. 3. Final volume fractions of LC and polymer, which show

the constituents, giving the equation better separation for shorter absorption length of light. The param-
. eters used for calculation awk, /o=60/40,L=0.10 and 0.05R
—=—l(@g+by+o). (4  ~005andy=0.

Herek is a constant reflecting the rate of photopolymeriza-different from each other, and henaf /4, should be of

tion, anda,b,c are constants related to the absorption ofOrder unity.(4) The FH paramete, should be reasonably

light by the different species. Since the absorption is prejarge, but not so great as to cause the instability that leads to

dominantly by the LC molecules, here we simply neglect the formation .Of PDLC's. .
andc. The numerical results that support these conclusions are

. - - illustrated in Figs. 3, 4, 5, and 6. Figure 3 shows that a
According to the mean-field kinetic theory of phase sepa-' AR .
ration, the currend of prepolymer molecules, which is re- sharper boundary occurs whénis reduced from 0.10 to

|ated to the LC Currenﬂw by J¢= —J¢, iS giVen by[4] 0.05. Here¢0/lp0:60/4o,- R: 005, andX]_:O. In F|g 4
we see that slow polymerization, represented by small values
d¢ 4

B d Yy of R, leads to a more sharply defined boundary. Here
Jy=D _‘/’Eer’E_Xl‘M’E ' 5 =0.10, ¢o/ yo=160/40, andy, = 2. Figure 5 shows that more
equal initial volume fractions of LC and prepolymer produce

where y; is the interaction parameter in the FIory-Huggmsa crisper boundary wheb=0.05, R=0.05, andy,= 2. Fi-

(FH) theory[5]. The first two terms on the right-hand-side of nally, Fig. 6 illustrates the sharper separation found for larger
Eq. (5) are due to entropy-driven diffusion, while the third values ofy, whenL =0.05, ¢/ o= 60/40, andR=0.05.

term is due to molecule-molecule interactions. Starting from These conclusions are in qualitative agreement with the
a system with a given ratio of prepolymer to LC, i.6.¢, in experimental observations, which showed the importance of

a LC cell of thicknesdgl, the final volume-fraction profile of low photonolvmerization and rouahly equal proportions of
polymer network and LC are established when the supply of P poly ghly equal prop

prepolymer molecules is exhausted. It is easy to put Egs.
(1)—(4) into dimensionless form by using as the unit of

length andd?/D as the unit of time. It is then readily seen
that the final profiles of polymer network and LC are com-
pletely determined by four dimensionless numbers. They are
(1) the initial ratio of ¢(z,t=0)= ¢pq to ¥(z,t=0)= ig; (2)
the relative polymerization rate, defined a&=kl(z
=0)d?/D (illuminated surface defined at=0); (3) the rela-
tive absorption length of light, defined as=1/bd; and (4)

16

o
o

o
)

o——o R=0.5

volume fraction of polymer
o
=

the FH interaction parametgf;. o——o R=5
A finite difference scheme has been used to solve simul- ~— R=50
taneously the differential equatiori$)—(4). The numerical 02 | |7 R=500

results show that, depending on the valuegpgfy,, R, L, +— R=5000

andy,, both PSCOF and PDLC structures can be formed. In
particular, to form PSCOF's with clear boundaries between 0
polymer and LC requires the followingl) A large gradient

of irradiance must exist in the LC cell, i.e., the absorption
length must be much shorter than the cell thickness, so that FiG. 4. Final volume fraction of polymer, which shows better
L<1. (2) Photopolymerization must be slow compared with separation for slower polymerization. The parameters used for cal-
the diffusion of the small molecules, so tHa&1. (3) The  culation are¢,/y=60/40, L=0.10, R=0.5,5,50,500, and 5000,
volume fractions of prepolymer and LC should not be tooand y;=2.0.

0 0.2 0.4 0.6 0.8 1
distance from illuminated surface, z/d
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FIG. 5. Final volume fractions of LC and polymer, which show  FIG. 6. Final volume fractions of polymer, which show better
better separation for more equal initial volume fractions of prepoly-separation for largej,;. The parameters used for calculation are
mer and LC. The parameters used for calculation &g i ¢! y=60/40, L=0.05, R=0.05, andy,;=0, 1.0, and 2.0.
=80/20 and 60/40L =0.05, R=0.05, andy,=2.0.

prepolymer and LC. In our numerical results, the degree oPPServation is also in qualitative agreement with the numeri-
the separation is measured by the thickness of a transitio?ial re;ults shown n Fig. 5. Fmally_, we point out that. ok
layer formed between the regions gf=1 (polymer layey effective Flory-Huggins paramete{rl is not 'kn.own for this

and =1 (LC layen. This transition layer, distributed system, and so the fourth theoretical prediction could not be
around the positiog, defined by»(z;) = (z;)=0.5, is com- verified.

posed of a mixture of polymer and LC, i.e., PDLC. Since we

have reduced the theoretical description to various concen- IV. CONCLUSION

trations in a one-dimensional space, the simplified nature of

the theory did not permit any prediction of the detailed mor- In summary, the formation of PSCOF is a joint effect of
phology of the polymer network. Experimentally, we canstrong light absorption, slow polymerization, phase separa-
estimate the completeness of the phase separation by exaftfn, and fast diffusion of small molecules. A theoretical
ining the optical texture of the sample between crossed postudy of this phenomenon has been carried out in a model
|arizers(see F|g Z The PSCOF structure, with a neg||g|b|y that takes into account the absorption of ||ght, the diffusion
thin transition layer, leads to a nearly uniform optical textureOf prepolymer and LC molecules, the formation of an immo-
with a LC layer aligned by the rubbed substrfég. 2(a)].  bile polymer network via polymerization and phase separa-
The PDLC structure, if present in a layer that is thick enougHion, and the polymer-LC interaction. The effects of varying
to be observable optically, leads to a heterogeneous textuf®@mposition and irradiance have been obtained within this
[the amount of PDLC-structured mixture increases from Figmodel, and are in qualitative agreement with experimental
2(b) to Fig. 2d)]. The importance of slow polymerization to observations. Finally, we point out that our macroscopic
phase separation is thus clearly illustrated in Figa)-22(d) ~ model could be improved by incorporating the existence of
and these experimental observations are at least in qualitatiRolymer molecules of different weight and different mobility
agreement with the numerical results shown in Fig. 4. weand by considering the phase separation kinetics that deter-
can also obtain scanning-electron-microscope micrograph®ine the microscopic structure of the polymer network.
by removing the rubbed substrate and washing away the LA/Vork in this direction is currently proceeding.

It is possible the polymer network may become compacted
when the LC is extracted, but regardless of this possibility,
whether the polymer surface so observed is smooth or
grooved still provides some qualitative measure of the de- This work was supported by the National Science Foun-
gree of separation. Micrographs show that the polymer filndation Science and Technology Center for Advanced Liquid
formed at¢/p=60/40 has a much smoother surface thanCrystalline Optical MaterialfALCOM) under Grant No.
that formed at¢y/o=80/20 (see Fig. 2 in Ref[1]). This DMR 89-20147.
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