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Soft-mode suppression in the phase separation of binary polymer mixtures driven
by a reversible chemical reaction
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Soft-mode suppression driven by a reversible photoisomerization was experimentally observed in the phase
separation process of polystyrene derivatives—patyl methyl ethey (PS-PVMB mixtures. The phase sepa-
ration was controlled by manipulating, with ultraviolet light, the reversible changes in polymer segmental
volumes associated with theans-cisconformational transitions aftilbenemolecules chemically attached on
the PS chains. It was found that when the rate of the forwarts—cis reaction is comparable to its backward
cis—trans process, the phase separation becomes extremely slow and follows the Lifshitz-Slyosov-Wagner
law t* with « less than 0.1, whereag is in between;l1 and % when the reaction is turned off.
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PACS numbdis): 83.80.Es, 64.75.g, 61.41+e

Phase separation that is induced by reversible chemicahe soft modes as well, because the reaction tgfg), in
reactions in a binary mixture is an interesting and importanprinciple, is governed by the free energy of the mixt[6¢
phenomenon which is related not only to practical problemsAlthough the soft mode suppression by chemical reactions is
such as morphology control in materials science, but also tan important problem not only for materials science, but also
many fundamental aspects of spatio-temporal behavior dr fundamental studies on the mode-selection processes in
systems with competing interactiofi$]. The characteristic systems out of equilibrium, to the best of our knowledge, no
length scales of these systems are, in principle, determineekperiments have done so far to verify this important predic-
by the competitions between the two antagonistic interaction.
tions: the reversible reaction acting as a long-range inhibition In this paper, we will experimentally show that the phase
and the phase separation playing the role of a short-rangseparation process of polystyrene derivatives—atyl me-
activation process. Depending upon the balance of these twtbyl ethey (PS-PVMB mixtures is considerably suppressed
interactions, a wide range of ordered structures known aby the reversible photoisomerization of the stilbene moieties
modulated phasef2] has been observed in photo-cross-chemically labeled only on the PS chains. It is well known
linked polymer mixtureq3]. For phase separation that is that upon irradiation with ultraviol€uv) light of long wave-
associated with reversible chemical reactions, it has beelengths, thetransstilbene isomer undergoes intramolecular
shown by linear stability analysis that the soft modes, i.e.rotation around the double bond=&C and transforms into
the unstable modes with long wavelengths, are suppressed bye cisisomer, as schematically shown in the inset of Fig. 1
the chemical reactionsl,4,5). As a consequence, the phase[7]. The reverse process, on the other hand, can be performed
separation might be frozen. These conclusions were deriveloy using uv light of shorter wavelengths. Becausetthas-
from the linear stability analysis of the modified time-

dependent Ginzburg-Landau equation 3.0
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FIG. 1. Destabilization of a-PS—PVME (20-80 blend upon

irradiation with 365-nm uv light at 30 °C over different time inter-
vals: (@), 0 min; (), 120 min;(4), 360 min. The arrows indicate
* Author to whom correspondence should be addressed. Electronibe temperatures at which the critical scattering becomes observ-

able.
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FIG. 2. Upper curve: the cloud point curve of the
t-PS—PVME blend measured by light scattering after extrapolation
to the zero-heating rate. Lower curve: the glass transition tempera-
ture obtained by DSC with the heating rate 5 °C/miX) {ndicates
the experimental temperatures.

isomer has the planar conformation and is much less bulky #
than thecis-isomer, thetrans—cis transformation destabi- '
lizes the mixtures by increasing the polymer segmental vol-
umes, whereas theis—trans change has the opposite ef-
fects. Since the mixtures dfansPS andcis-PS prepared by
irradiation of thetransPS with uv light are miscible, the
phase separation observed by irradiatingaasPS—PVME
blend is probably due to the unfavorable interactions be-
tween thecis-PS and PVME. A preliminary result has been
previously demonstrated for the effect of photoisomerization
on the miscibility of a PS-PVME blenfB]. The characteris-
tics of the polymers used in this work have been reported
previously [3], except the stilbene-labeled polystyrene de-
rivatives, which were synthesized by coupling the potassium
salt of 4-hydroxy stilbene to the polystyrene slightly chlo- ‘ (b)
romethylated via copolymerization with chloromethyl sty-

rene[9]. The average label content of the PS chains is one

stilbene per 20 repeating monomer units. Irradiation was per- FIG. 3. (a) A phase-contrast optical micrograph and the corre-
formed with a high-pressure mercury-xenon laf@s0 W,  sponding 2D-FFT power specttmse of a t-PS—PVME(20-80

two lines 313 and 365 nm from the light source were Se__90 °C; (b) the same blend observed at 240 min. The scales for the
lected by using appropriate optical filters. The morphology!™age and the power spectra are 4 and 2<10* cm™, respec-

of the blends after irradiation over different time intervals 1vely-

was observed by using a phase-contrast optical microscope

(Nikon, model no. XF-NTF-2L The focal plane was ad- =204, Whereq,a,Was obtained by the circular or sector
justed at the center of the sample with the thicknesgB0  averages of the two-dimensional power spectra given by the
The optical micrographs were digitized and subsequentlfast Fourier transforn2D-FFT) of the isotropic and aniso-
transferred to a digital image analyZgtas, LA-525, Japan tropic morphologies.

for further analysis. The characteristic length scales of the Shown in Fig. 2 are the glass transition temperatures
morphology were calculated from the Bragg conditighs (Tg) and the cloud points oftransstilbene labeled
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FIG. 5. Time evolution of the 1D power spectra of a

FIG. 4. Coarsening processes @ a t-PS—PVME (20-80  { ps_pyME(20-80 blend irradiated with 365-nm uv ligh8 mw)
blend irradiated with uv light at 313 nm with different intensities 4 gg oc t.

! k ir IS the irradiation time. The ordinate is expressed in arb.
(1,) at 90 °C; upper linel,=4.1 mW; lower linel,=1.6 mW;(b) units.
at-PS—PVME(50-50 blend irradiated with uv light at 365 nit8

mW). The light was turned off at 360 min. 4.1 mWi/cnd, phase separation oftaPS—PVME blend20-

80) becomes observable under a phase-contrast optical mi-
polystyrene—polfvinyl methyl ethey (t-PS—PVMB blends  croscope at 60 min after irradiation. In the early time, the
measured respectively by differential scanning calorimetrymorphology is an isotropic modulated structure as shown in
(DSO and light scattering at a fixed angl20°). Upon irra-  Fig. 3(a) for a blend obtained after 120 min of irradiation.
diation with uv light at 365 nm, the temperature at which aThe characteristic length&sof the structures calculated from
t-PS—PVME(20-80 blend labeled with one stilbene per 40 the corresponding 2D power spectra increase with increasing
repeating monomer units exhibits critical scattering, graduirradiation time. Subsequently, the morphology turns from
ally shifts toward the side of lower temperatures as irradiaisotropic modulated structures to anisotropic lamellae as il-
tion time increases. This fact indicates that the two-phastustrated, as an example, in Fig(bB for the same blend
region of the blend has increased due totth@s—cistrans-  obtained at 240 min after irradiation. The coarsening process
formation of the stilbene molecules labeled on the PS chainst this stage follows the Lifshitz-Slyosov-WagrneBW) law
As a result, a-PS—PVME blend initially set at a tempera- [11,12 &(t) <t with «=0.29. Eventually, the phase separa-
ture close to its phase boundary in the one-phase region witlon is frozen at 250 min after irradiation probably due to the
undergo phase separation upon irradiation with uv light. Théncrease in the glass transition temperature of the PS-rich
fraction of thetrans andcisisomers generated in the blend domains. Similar behavior of phase separation has been ob-
is determined by the ratip between their molecular extinc- served previously with photo-cross-linked bler@s9] and
tion coefficientse at the excitation wavelength. The rao  gelation associated with phase separafi©8]. Under this
=¢ans/€cis @t 313 nm is ca. 4.3 as estimated from theirradiation condition, the phase separation was not sup-
absorption data of 4-methoxy stilbefi0], the model com- pressed by the reaction because ttens—cis process is
pound of the stilbene moieties labeled on the PS chains. Odominating. On the other hand, by irradiation with uv light
the other hand, the difference in the molecular extinctionof the same wavelengtt813 nm but with the lower inten-
coefficients of these two isomers at 365 nm is not significansity 1.6 mW/cn, the phase separation kinetics of the same
because this particular wavelength is close to the absorptioblend exhibits three distinct regions within 600 min of irra-
edge of the molecule. Therefore, ttrans—cis transforma-  diation. For the first 200 min of the reaction, the character-
tion is dominating upon irradiating the blend with 313-nm istic length scaleg were almost unchanged with the reaction
light, whereas it is less significant in comparison with thetime, suggesting that the reacting mixture might pass through
reversecis—trans process when irradiating with uv light at the linear region predicted by the Cahn-Hilliard thety].

365 nm. Subsequently, these structures grow and turn from isotropic
Upon irradiation using light at 313 nm with the intensity modulated structures to anisotropic lamellae. This morpho-
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logical transition process is similar to that obtained with uvabove, it can be concluded that, thougtt completely fro-
light of higher intensity. The coarsening in the middle stagezen,the phase separation of thePS—PVME(20-80 blend
between 200 to 500 min can be expressed by the LSW relayas strongly suppressed by the reverstodgms—cis photoi-
tion with «=0.31. Eventually, the phase separation undesomerization of stilbene induced by irradiation with 365-nm
this reaction condition is frozen at 500 min after irradiation. yy light. Finally, as depicted in Fig.(8), the evidence of this
These kinetics were summarized in Fig. 4. The fact thatgyppression becomes more obvious witht-®S—PVME
upon irradiation with strong uv light (4.1 mW/cp the ini-  50.50 plend irradiated with 365-nm light at 105 °C, which is
tial region with a constang was not observed and the pin- |ycated at 5 °C abov&g of the PS. The coarsening process

ning process takes place early around 200 min after irradigz very slow and expressible by the LSW-like law with

tion, is probably due to the increase in the rate of thea~0.06 under irradiation with uv light at 365 nm, whereas it

tra_ns—>C|s transformation, which accelerates the phase_ SePg considerably accelerated in the déirkthe absence of the
ration process. On the other hand, the phase separation pro-

i izationwi i 1 1
cess of a-PS—PVME blend with theamecomposition(20- P otmsomenganohwnh ain betwe(_an4 a_nd s .
80) irradiated with 365-nm uv light at theametemperature In conqlusmn, thg results described in this work pro_wdg
(90 °C) proceeds extremely slow. As far as observed bythe experimental gwdenge of the soft-que suppression in
phase-contrast optical microscopy, the phase separation H?e phase separation driven by a reversible chemical reac-
this mixture starts at 150 min after irradiation. As shown intion- Because these unstable modes can be actually tuned and
Fig. 5, the maxima of the 1D power spectra obtained fronfontrolled by the reaction, the above results reveal a possi-
the 2D-FFT of the corresponding optical micrographs werelility for studying the mode-selection processes in polymers
almost unchanged over 300 min of irradiation and only shifty taking advantage of chemical reactions.
very slightly to the side of low frequency at later time. Dur-
I;Jr]ga}(hse;rfér?(;)%; '1%402';:?9'iztlgr?’crt]gig:j'txg”? tt::: r?ﬁ'rgﬁd This work is financially supported by the Ministry of Edu-

hological transformation from isotropic modulated to cation, Science and Culture, Japan via Grant-in-aid No.
P 9 . pic Mo 008651078. We greatly benefit from the discussions and com-
lamella structures starts at 210 min after irradiation. It shoul

munications with Dr. Sharon C. Glotz¢National Institute

be noted that the lamella structures observed here do notf .
R ; - Standards and Technology, Gaithersburg, Marylaart
h ferential directions. This self-ord h o . )
ave any preferentia’ directions IS sel-oraering p enOmProfessor Renkefever (UniversiteLibre de Bruxelles, Bel-

enon has been mentioned previously in numerical calcula-, . . S .
tions for systems undergoing phase separation with longdiUm- The technical assistance of Dr. Shin-ichi SakuEz-
range interactiong5,15]. From the experimental results Partment of Polymer Science and Engineering, Ki also

obtained under the three different conditions describedreatly appreciated.
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