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Crystal-like pattern formation in polymerization-induced phase separation
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A unique domain structure was found in liquid-liquid phase separation induced by radical polymerization of
4-chlorostyrene monomer in the presence of random copolyme(dimlgthylsiloxane-co-diphenylsiloxane
Droplets with a narrow size distribution were generated by phase separation, and these droplets hardly coa-
lesced by collisions. With the growth of droplet size, droplets gradually filled the space and spontaneously
arranged themselves in a regular array like a crystal. The mechanism of regular array formation was discussed
based on the large difference in viscoelastic properties between two segregating components.
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Various patterns that form in phase separation of initially*H-NMR to be 27 mol %. After being filtrated with a Milli-
homogeneous mixtures have been widely studied as an inpore filter of 3um pore size, PDMScoDPS was mixed with
portant subject of nonequilibrium statistical mechanics. In4-chlorostyrene in a ratio of 1:1 by weight at room tempera-
phase separation associated with chemical reaction, the intdtre. A sample mixture was placed on a slide glass with a
play between phase separation and reaction increases the ¥a05-mm-thick spacer made of polytetrafluoroethylene and
riety of patterns and produces remarkable patterns in sorreovered with a cover glass. Polymerization and phase sepa-
cases. In phase separation induced by polymerization reaation were made on a hot stage Metler FP82. Polymeriza-
tion or crosslinking reaction, several interesting patterndion was initiated by raising the temperature without the aid
have been reported as wéll-7]. Marked examples are the Of an initiator. The morphological structure of phase-
concentric pattern appearing in phase separation induced (5gParated domain was observed with a phase contrast micro-
photocrosslinking of random copolymer p@yrene-co- cope and an ordlna_lry optical microscope. O_bservatlons of
chloromethylstyrengin the presence of polyinylmethyl- domain structures with the phase contrast microscope were

. AT ade for samples quenched to room temperature. Reaction
ethey [3,4], and the salar_m pattern appearing in h'.gh ImpaCt::nonversion of 4CLS was determined with a size exclusion
polystyrene [5,6] or in radical polymerization of

2-chlorostyrene in the presence of polystyrde In this chromatography apparatus, Toso HLC803D, equipped with a

differential refractometer as a detector. Conversion was cal-

paper, we reported a unique structure formed _during phas&llated from an area ratio of two separate peaks, respec-
separation induced by radical polymerization of

g tively, corresponding to poly#-chlorostyreng(P4CLS pro-
4-chlorostyrene monomer in the presence of random copol Y P g to polg yreng( Sp

N dimethvisil diphenvisil Th | Yauced by polymerization and PDMScoDPS, with the
mer polydimethylsiloxane-co-diphenylsiloxaneThe newly o rection made for the difference in refractive index incre-
found pattern exhibited high regularity, which made a strik-

) : Z>""ment in an eluent.
ing contrast to previously known patterns of polymerization- Figure 1 shows morphological structures, observed with a

. LT . ) %ase contrast microscope, of mixtures quenched to room
quite unexpected for liquid-liquid phase separat|on of a rnlX'temperature after the mixtures were kept at temperature
ture, where no block copolymer was contained. =100 °C for the indicated duration of tinte At t=4 h, it
Sample monomer 4-chlorostyre(#CLS) was purchz_isgd was seen that a demixed phase formed spherical domains
from Tokyo Kasei Kogyo Co., and was purified by distilla- droplets. It was noticeable that these droplets showed quite

tion under reduced pressure. Random copolyme arrow size distribution com :
. . ; ; pared with those generally ob-
poly(dimethylsiloxane-co-diphenylsiloxang PDMScoDP$ served in polymerization-induced phase separatiof. At

was a commercial prod_ucShin-Etsu Chemical Co., K'_:54 t=8 h, there appeared regions in which droplets formed a
and was used as supplied. Its average molecular weight ar}ggular array like a crystal. The droplet diameter was 5
molecular weight distribution were evaluated by size exclu—~6 um and roughly 1/10 of sample thickne@® um). The
E?nlgchroma.toglraphy to tl"MW:3'4X 10° q ar&d w}vl M regular array was observed from both the top and bottom
=+1.13 [N equivalence .to. polystyrene standards. e contenfijes of the sample, suggesting that the array extended three
of diphenylsiloxane unit in the copolymer was determined bydimensionally in the sample. A similar array was also ob-

served at an earlier time ©£6 h (not shown hergalthough

it was less distinctive. At=12 and 18 h, a highly ordered

*Electronic address: m.okada@iccas.ac.cn array was clearly observed. The structure over a wider spatial
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FIG. 3. Reaction conversion of 4-chlorostyrene monomer at
100 °C against reaction time.

range is displayed in Fig. 2. Many dislocation lingganes

ran across the array, and respective regions bounded by dis-
location lines were relatively small, indicating that a regular
array started to form at various locations in the mixture. At
t=24 h, the array was no longer observed, and the shape of
each droplet appeared to be distorted from a sphere. It was
seen that droplets continued growing in size over the ob-
served period from 4 to 24 h.

The structures shown in Figs. 1 and 2 were observed for
samples quenched to room temperature. The observation of
structures was also madie situ by using an optical micro-
scope, and it was confirmed that the regular array formed at
100 °C although the observed image was not so clear as
shown in Fig. 1. Although the glass transition temperaliye
of PDMScoDPS was lower than room temperature, the regu-
lar array structure was found to be stable at room tempera-
ture for at least three weeks. Thus, structure change during
our observation at room temperature was negligible.

Figure 3 shows reaction conversions of 4CLS monomer
— determined by size exclusion chromatography measure-

10um ments. In chain polymerization, to which radical polymeriza-
tion belongs, it is known that the average molecular weight

FIG. 1. Phase-separated domain structures at temperditure of g reaction product does not usually change with conver-
=100 °C and time, observed with a phase contrast microscope forsjgn. In fact, it was found that molecular weights at three
s_amples quenchc_ed to room temperature. Initial monomer composiagction times shown in the Fig. 3 were roughly identical
tion is 0.5 by weight. (~2X 10°). Therefore, Fig. 3 also indicates the change of the
product concentration with time. The conversion was still
low when the regular array formed aroutwl6 h. Therefore
droplets, which were considered to correspond to the
PA4CLS-rich phase, as would be discussed later, consisted of
viscous fluid rather than of amorphous sqfig, of PACLS is
about 130 °Q, at least at the point of time the array formed.

When polystyrenéPS was used as a nonreactive compo-
nent instead of PDMScoDPS, droplets also formed during
phase separation induced by polymerization of 4CLS mono-
mer, but the size distribution of droplets was much wider
than in the present system, and no regular array forfégd
A conspicuous difference between PDMScoDPS and PS lay
in their viscoelasticity. PDMScoDPS had a much lower vi-

— 20UM soelasticity than either PS or the reaction product P4CLS at
the experimental temperature. Consequently, there was a

FIG. 2. Lower magnification image of phase-separated domainfyrge difference in the viscoelastic property between two seg-

at temperaturd=100 °C and time=12 h. regating components, namely, PACLS and PDMScoDPS, in
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the present system. The difference in viscoelasticity or asym*moving droplet phase.” However, it was not clear why

metry of viscoelasticity between components is known todroplets with a narrow size distribution appeared in PIPS. As
have significant effects on dynamics of thermoinduced phasmentioned above, it has been speculated that the uniform
separation[9—-13, and a system consisting of componentsdroplet size in viscoelastic phase separation is caused by
having largely different viscoelastic properties is describedspinodal decomposition in the earlier period. This explana-

by a dynamic model different from mod& and modelH
classified by Hohenberg and Halpefit4]. It was conceiv-

tion did not apply to the case of PIPS, where the system went
through the metastable region before it reached the unstable

able that asymmetry in viscoelasticity had noticeable effectsegion, unless the nucleation and growth were extremely

on polymerization-induced phase separaiiBiPS as well.

slow compared with polymerization reaction. Each droplet

It has been reported that droplets with narrow size distriprobably grew by absorption of monomers and adsorption of
bution appear in a mixture of asymmetric viscoelastic com4isolated P4CLS chains on the surface, because coalescence
ponents when a deep quench is made at an off-critical consf droplets did not occur. Thus, when only a single size of
position on the low viscoelastic component-rich side of thedroplets existed initially, the size distribution was expected
phase diagran®]. The narrow distribution of droplet size is not to be broadened so much.

speculated to reflect a distribution of concentration fluctua-

Since there did not seem to exist strong attractive interac-

tion wavelength in the spinodal decomposition that precedegon between droplets, a conceivable origin of the regular
the formation of droplets. Droplets move rapidly and collidearray formation was the Alder transitigf6,17. It is known
with each other, but coalescence of droplets hardly occurthat hard spheres of uniform size undergo a fluid-to-solid
(“moving droplet phase’ The suppression of coalescence phase transition as their density increases. The transition was
results from the fact that the characteristic time of collisioninitially observed for a one-component liquid and was found
between two droplet&ontact time is much shorter than the later for a polymer latex solutiofil8]. Since viscoelastic
characteristic rheological time of the higher viscoelasticdroplets were similar to polymer latexes in the sense that
phase. Diffusion of polymer chains through the contact surthey do not coalesce by collisions, the same mechanism as
face is necessary for two droplets to coalesce, and conséie Alder transition was expected to work in PIPS. The dif-
quently the dynamics of coalescence depends greatly on tHerence was in the way the particle density changed. The
viscoelastic properties of the droplet phase, while the timdransition was caused by an increase in the number of par-
span during which two droplets are in contact depends rathdicles in the case of hard sphere and polymer latex, while it
on the viscoelasticity of the surrounding fluid. Therefore, inwas caused by an increase in the volume of each droplet
the case that droplets have much higher viscoelastic propeassociated with proceeding of polymerization reaction in
ties than the surrounding fluid, the time required for coalesPIPS. This also explained the later change of the structure.
cence to occur becomes much longer than the contact timéaVhen droplets continued to grow and their size exceeded the
In phase separation induced by radical polymerization otlose-packed volume, the droplets would be deformed and
a monomer in the presence of a different polymer, the phaseventually the array structure would be destroyed since drop-
being rich in the product of polymerization reaction gener-lets were not real hard spheres.

ally forms droplet§7,15. In fact, polymerization of 4CLS in

The present work showed that PIPS of a rather simple

the presence of PS generated droplets of the P4ACLS-rictuid mixture produced a highly regular structure. We specu-
phase over a wide range of initial monomer concentratiodated the physical origin of the regular pattern formation on
and temperaturg8]. Thus it was reasonable to consider thatthe basis of asymmetry of viscoelastic properties between
droplets observed in the present system corresponded to teegregating components, but several points remained unex-
PACLS-rich phase. The P4CLS-rich droplets had a higheplained. Elucidation of this uniqgue phenomenon is consid-
viscoelasicity than the surrounding PDMScoDPS-rich phasered to be of fundamental importance in understanding pat-
and were expected to hardly coalesce by collisions as in thern formation in PIPS.
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