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Polymerization-induced phase separation
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A molecular dynamics simulation is performed to study the kinetics of microphase separation in a polymer-
dispersed-liquid-crystal forming process. An equimolar mixture of monomers and liquid crystal molecules are
thermalized in a well mixed state. The monomers are then polymerized at the same temperature. The end
product is a spanning gel with liquid crystal molecules aggregating in droplets here and there. The peak
position of the equal-time structure function suggests that the growth of the droplets may be described with
t~9%2% The small growth exponent is just one of several features which may be attributed to the growing elastic
gel. We argue that the aggregation is driven by entr¢p$063-651X%99)02408-3

PACS numbdis): 61.41+e, 61.30--v, 64.75+g

[. INTRODUCTION Golemmeet al. [9] have extended the experiment with
many more samples. Their results show that the growth ki-

Polymer dispersed liquid crystdPDLC) is a composite netics is quite different depending on the concentration of the
material of considerable technological importar{dd. It  liquid crystal ¢, c. When ¢, is high, the late time growth
consists of liquid crystal droplets dispersed in a polymer magexponent is close to what Kit al. observed, but whet, ¢
trix. One way of fabricating PDLC is to prepare a homoge-is lower than 60% in weight, the exponent plunges well be-
neous mixture of po|ymer and ||qu|d Crys[@_[C)' and then low 0.5. Moreover, the time evolution of the structure factor
change the temperature so that the two components of tHéoes not grow exponentially, which contradicts the predic-
mixture are no longer miscible. This method is calledtion of the linearized Cahn-Hilliard theofyl2]. Thus when
temperature-induced phase separatibi®S) [2]. In another the LC concentration is very low, the kinetics is not exactly
method called polymerization-induced phase separatio@s envisioned by Lin and Taylor.

(PIPS [3-9), the initial mixture consists of monomers and  There are two important time scales in PIRgprepresents
LC, and the phase separation is induced by polymerizing thé1e polymerization process whilgs represents the phase
monomers. The kinetics of PIPS is the focus of the preserieparation process. The Lin-Taylor picture is based on the
investigation. assumption thatt,>t,s. For the samples used by Kiet al.

The kinetics of PIPS has been studied experimentall@nd Golemmeet al, this condition is approximately met.
[3,9] and theoretically3,4]. According to the results by Kim What if t;<t,? This is true of the two time scales in the
et al. [3], light scattering exhibits all the characteristics of case of the samples used by Serbutoweal. [7]. Serbu-
spinodal decomposition or TIFS]. The peak position of the toviezet al. use the photopolymerization method while Kim
scattering intensity moves towards the direction of theetal. and Golemmeet al. use the thermal reaction method;
smaller angle following the power-law pattern of* with ~ the former is a much faster polymerization method than the
a=1/3 at early times and=1 at late times, and accord- latter. Thus the gelation process precedes the phase separa-
ingly the results foiS(q,t) follow dynamic scaling. Thus the tion process. Another important difference is that Serbu-
decomposition is due to diffusion at early times and hydro{oviezet al. only use tetrafunctional monomers for the poly-
dynamic effects at late times. Kiet al. also find a cascade mer component, while Kimet al. and Golemmeet al. use
phenomenon in the microphase Separation process, Wheb@th trifunctional and bifunctional monomers,; the 98| is
small new droplets emerge after those of the first generatiotherefore more rigid in the former than in the latter.
have grown to a rather large size. Except for this last feature, Serbutoviezet al. did not measure the time evolution of
the kinetics of this system is remarkably similar to that of thethe structure factor and it remains unknown how the kinetics
spinodal decomposition in binary liquid mixturfs0]. is affected when network elasticity begins to play a dominant

This is in accordance with the picture that Lin and Tay|or|'0|€‘. It is useful to know that Serbutoviext al. rarely find
[4] propose for the kinetics of PIPS. Lin and Taylor argue indroplets coalescing if the system is left at the same curing
the following way. In TIPS, the system temperature is re-temperature. This suggests a very slow kinetics. Computer
duced from the one-phase region to the two-phase region. Isimulation has been performed by Chen and Cfg&nand
PIPS, on the other hand, the temperature remains unchangey Teixeria and Muldef8] for the kinetics of PIPS, but their
but the binodal and spinodal lines are progressively pushe@odels do not allow any elastic effect of the gel network.
up as the polymerization proceeds, and the phase separati¥¥e shall perform a molecular dynamics simulation with a
begins when the lines surpass the system temperature. Whilgore realistic molecular model which should allow both hy-
this provides a convenient and insightful picture, it does nofirodynamic and elastic effects, if any.
mean that the kinetics is always the same as in TIPS. The
shape of the lines can change as the lines are pushed up, and

. Il. MODEL
as a result some exotic phenomenon can take place such as
the nucleation-initiated spinodal decompositjdd] which is Assuming that the rodlike structure of LC molecules has
inconceivable in any TIPS. no important effect on the microphase separation pattern, we
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represent both monomers and LC molecules as simpldimensional system. A two-dimensional model would re-
Lennard-Jones molecules. The LC-LC and monomerguire much less CPU to simulate, but a two-dimensional
monomer pair interactions are both given by{@s/r)?>  PDLC model can be quite misleading. To see why, consider
—(o/r)®}, while the LC-monomer pair interaction is given a long chain of monomer molecules on a plane. LC mol-
by 4e{(a/r)*?—0.6(a/r)8}. Since the van de Waals tail is ecules cannot cross over the chain and therefore the absence
weaker in the interspecies interaction than in the intraspeciesf the third dimension alters the molecular motions quite
interaction, the initial mixture has a normal phase diagransignificantly. We choose a slab, which is thick enough to
with an upper critical temperature. To simplify the computa-allow a molecule to go over another for horizontal motions.
tion further, we also assume that both species have the saniée problem would remain if the chain is thick enough to
massm. These assumptions will alter time scales, but wetake up the entire vertical extension of the slab. It is to mini-
assume that the micro phase separation pattern will remaimize this possibility that we choose the trifunctional mono-
unaltered. mers rather than tetrafunctional monomers.

For the polymerization proce$43], the majority of the A total of 7500 molecules are placed in a self-closed slab
monomers are trifunctiondimeaning that they can support a (with periodic boundary conditionsof L, XL, XL,, where
maximum of three bondsand a very small portion is bifunc- L,=L,=L=50, andL,=3, in units ofc; the density is 0.85.
tional. Initially a certain number of monomers are chosenOf the 7500 molecules, half are monomers and half are LC
randomly as active monomers. If an active monomer comemolecules. Among the monomers, 97% are trifunctional and
within the prescribed distancR,,, of another monomer 3% bifunctional. The initial fraction of the active monomers
which has at least one functionality left, a bond is formedis 34.3%. For the spring,Rp=1.50, R;=1.470, K
between the two. If the latter was not active before the en=30.0¢/0?, andR,;,=0.90. The reduced temperature hav-
counter, it now becomes active while the initial active mono-ing been set akgT/e=7.47, the initial mixture is quite
mer becomes inactive. If both were active, on the other handsafely in the one-phase region. At this temperature, the
both become inactive after the chemical reaction. The polyehance of the thermal energy’s breaking a bond is approxi-
merization process stops soon because there are not enouglatelye 125" Only when a few ill-conceived bonds have to
active monomers left and those still remaining active are asupport a massive stress in the gel, can the bonds break.
wrong places. This makes the local gel structure quite differ- The molecular positions and velocities are updated for
ent depending on whether the local bonds are formed earlgach time increment ofst=0.004 in the units ofr
or late. To prevent this highly heterogenous structure from=(mo?/48¢)*2. When't advances byst on a Pentium II
developing, we periodically activate more monomers. If themachine, the wall clock advances by 0.0345 sec.
current number of active monomers is less than the initial The initial mixture is thoroughly thermalized before the
value byn, we randomly seleat inactive monomers. Among polymerization process begins. As the polymerization pro-
them, only those which have at least one functionality leftceeds, we measure at various times the equal-time structure
become activated. In the language of photopolymerizationfactor
we send the activating light beam periodically.

The bond potential can be written in several different S(q,t)={p(q,t)p(—q,t))/2N, 3

ways, one of which is the FENE potentjdl4 . .
Y potentiai4] whereN=7500 andit is the elapsed time from the moment

—0.5KR2IN[1—(1/Ry)?], <Ry the polymerization began. We write the concentration fluc-
H(r)= (1)  tuationp(q,t) in the form of
0, r?Ro.
It is a harmonic potential whose effective spring constant p(q,)=2, eXp(i(T-Fai)—; expliq-fg), (4)
al 1

increases withr via k/[ 1—(r/Rp)?]. The potential well is

infinitely steep atr=R,, and therefore once a bond iS \yhere o stands for the monomers argithe LC molecules,
formed, it does not break. In the present system, the gelatiof the negative sign in the second term provides a dielectric

process takes place in the presence of LC molecules. Singg)irast between the two species. The probed wave vectors
two monomers cannot form a bond if an LC molecule isareq=27-rk/L wherek=2.3.4 18. For theensemble av-

between them, LC molecules play a role in determiningg ,q6 29 runs are made with different initial configurations.
where to form bonds. They also move around, which shoulé3

have the effect of stabilizing certain parts of the gel while
destabilizing other parts. The stress on the latter part could
be massive, and it appears unreasonable to assume that allFigures 1, 2, and 3 are the snapshots takern-at, t=8,
bonds will be able to support the stress no matter how masand t=460, respectively. Figure 4 shows the number of

sive the stress may be. Thus we modify the bond potential sponds formed byt while Fig. 5 shows those broken tyA

Ill. RESULTS AND DISCUSSION

as to allow the possibility of bond breaking: spanning gel is visible in Fig. 1 and a nearly completed gel in
0.8KR2 I 1= (F/R)2 —R.<R Fig. 2. The gel structure, however, continues to change in an
()= —O0.XRgIn[1—(r/Ro)], r<=Ri=Rg @ important way after Fig. 2. Approximately 20% of the tet-
0, r=R;. rafunctional monomers in Fig. 2 still have one or two func-
tionalities left. What happens after Fig. 2 is that these func-
The bonds break if they are stretched beyéhd tionalities are gradually exhausted to make the gel structure

PDLC is a thin film, but its thickness is more than a few even more rigid. At no time can the gel structure be regarded
intermolecular distances, and therefore it is a threeas cross-linked chains.
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FIG. 1. The molecular morphology &t 4 (in
units of 7): LC molecules are in the dark shade,
the monomers forming the spanning gel are in
light gray, and those that have not yet joined the
spanning gel in a medium gray. Approximately
60% of the molecules are in the camera view.

For each realization of the sample, the resultsS¢y,t) linearized Cahn-Hilliard theory for the early time decompo-
often exhibit a few towering local peaks. These peaks appeaition. In this important detail, the time evolution 8tk,t)
at different places in different realizations, which requires adoes not follow what is expected of the spinodal decompo-
large ensemble to obtain a smooth function. With an ensition. The result is more similar to what Golemmaeal.
semble of size 29, the result is good enough to exhibit abserve when the liquid crystal concentration is very low. In
gross pattern with one peak, but it is not good enough tdhe results for large wave vectors, the intensity reaches its
allow us to read off the peak position directly. It is thereforemaximum quite early and then remains with little or no
necessary to fit the data. Figure 6 shows the fitted data pointhange. The apparent equilibrium does not mean that the
as a function ok. The time evolution appears to exhibit what small-length-scale structures do not grow into large-length
is generally regarded as the hallmark of spinodal decompascale structures. They do, but they are continuously replen-
sition. There is a peak at a finite wave vector. The peakshed by new batches of nucleation. The experimental results
position moves toward the direction of the smaller wave vechy Kim et al. show the same feature more convincingly. We
tor and the peak intensity increases as time progresses. propose to regard it as a continuous cascade phenomenon. It

In Fig. 7, we have plotted the raw data f8(k,t) as a shows that the relaxation time of the LC molecules in the
function oft. In the results for small wave vectors, it is clear growing gel is spread over a wide range.
that the time evolution is not exponential as predicted by the In Fig. 8, the peak positiok,,, of S(k,t) is plotted as a

FIG. 2. The molecular morphology &t 8 (in
units of 7): LC molecules are in the dark shade,
the monomers forming the spanning gel are in
light gray, and those that have not yet joined the
spanning gel are in a medium gray.
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FIG. 3. The molecular morphology &t 460 (in units of 7): LC molecules are in the dark shade, the monomers forming the spanning gel
are in light gray, and those that have not yet joined the spanning gel are in a medium gray.

function of t. The overall growth pattern may be approxi- wherek,,, is a function oft. Figure 9 shows the scaling plot.
mated in the form ot ~%2% The growth exponent is in the Except for very early times, the results do indeed support the
range observed by Golemnat al. when the LC concentra- scaling.

tion is low. The low growth exponent reflects how difficultit ~ Why do the LC molecules aggregate? We have thor-
is for the LC molecules to aggregate in the midst of the rigidoughly tested and confirmed that the initial mixture remains
gel network. mixed so long as the monomers are not polymerized. The

The length scale that the peak position represents growaggregation is entirely due to the polymerization. It is an

with time. Does this length scale dominate the kinetics? Ifentropy-driven phenomenon in much the same way as in the

s0, one could expect the results f(q,t) to support scaling colloidal aggregation[15]. Consider the LC molecules
trapped in the growing gel at early times. When bonds are

of the form
formed and trap the LC molecules, they effectively freeze the
positional entropy of the LC molecules. Should the LC mol-
S(k,t)/S(Kmx,t) = F (kK. (®)  ecules overcome the energy barriers posed by the gel net-
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FIG. 6. S(k,t) plotted vsk for the values oft (in units of 7) FIG. 8. In-In plot ofk.,, vst (in units of 7).

shown in the legend.
The gel poses to the LC molecules rugged energy barriers

work and aggregate, the small bits of space that they prevy; ith hills and valleys throughout the volume. The height of
ously occupied would be removed for much larger pieces o ese energy barriers should be distributed over a range, and
space accessible to many LC molecules. The gel and L&, g4 the relaxation time of the LC molecules necessary
molecules do just that to increase their entropy when the¥0 overcome the barriers. Some LC molecules should there-
for?tw %rog}lgtst.)on ds which provide the entropy incentive fore taI§e less t?m(_a to overcome the barrier vv_hile others take
; “more time. This is the reason for the continuous cascade
Should we remove all the bonds in the gel at any momentsphenomenon
the entropy would no longer be frozen and the LC molecule The energi/ landscape changes constantly. More hills are
WOUId not gain any more _entropy by aggregqting. To_be Pr€5dded when new bonds are formed. Some hiils are removed
cise, hoyvever,. it is not just the bonds which provide thewhen bonds are broken. Some hills are conveniently shifted
entropy incentive, but also the fact that the LC moleculesOr deformed when the gel network changes its shape. In
int_era_ct with the polymer via the Lennard-Jones potential_ hese ways, the paths of the LC molecules to droplets.are
This is because the LC molecules could not be trapped i ade rugged and tortuous, but we emphasize again that it is
they were free from the constraints that the Lennard-Jonegctua"y these hills that cause the droplets. Molecules pay the
interactions impose on them. Thus the two interactions Conr'equired energy cost for the entropy incentive, which is the

spire to provide the entropy incentive.
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FIG. 9. The scaling plot fog(k,t) for the values of (in units of

FIG. 7. S(k,t) plotted vst (in units of 7) for the values ofk
7) shown in the legend.

shown in the legend.
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reason for the unique nucleation and growth processes in this To conclude, we have observed several characteristic fea-
system. The surface tension, diffusion, and hydrodynamictures when LC molecules aggregate in a rather rigid gel net-
all play little or no role. To see why, return to Fig. 1 and work. It is hoped that these characteristics will prove helpful
notice that there are several small LC clusters whose sulin the future in formulating a successful model for this
roundings are almost completely depleted of LC moleculeshighly nonequilibrium dynamic process.

Suppose that these nucleated clusters grow via the usual

nucleation-and-growth mechanism. To do so, the depletion

should result in a local imbalance in the chemical potential ACKNOWLEDGMENTS
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