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Phase separation with multiple length scales in polymer mixtures induced
by autocatalytic reactions
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A ternary polymer blend with two components photo-cross-linked independently in its miscible region
undergoes phase separation, exhibiting morphology with multiple length scales. Contrary to the case of ther-
mally induced phase separation, the morphology exhibitsiiamodal-multimodaltransition. It is shown
that these multiple length scales are caused by the inhomogeneous freezing kinetics of the cross-linking
process. This inhomogeneity arises from the autocatalytic feedback driven by the couplings between concen-
tration fluctuations and the photo-cross-linking reacti¢84.063-651X99)50308-5

PACS numbe(s): 83.80.Es, 83.80.Jx, 82.36t, 64.75+¢g

Recent analytical theories and numerical calculations presuch as sample sizes and the preparation procedure of the
dict that the concentration fluctuations with long wave-blends, were described in detail elsewhgr@].
lengths, the so-called soft modes, in binary mixtures can be The cloud points of PSA/PSC/PVME ternary blends were
stabilized by chemical reactiofd—6]. This prediction was measured by light scattering at a fixed an¢2®°) with a
confirmed by experiments using binary polymer mixturesheating rate of 0.2°C/min. By varying the weight fraction
with one component undergoing reversible photoisomerizat®) of the blend so tha#psa= dpsc, While (dpsat dpsd is
tion [7,8]. Similar suppression processes of these long Wavevarieq, it was found that these blends exhibit a lower critical
length fluctuations were also observed in experiments usingelution temperature located abgsct ¢psp) =20% wt. All
photo-cross-linking reactions to freeze the polymer mobili-Of the blends reported throughout this paper have the com-

ties inside the spinoddB] and the one-phase regiof0]. position PSA/PSC/PVME(20/20/60 %. Morphology was
é)served by using a phase-contrast optical micros¢hipe

The resulting structures, known as modulated phases, ha L . ;
9 b ;;Jn, model FTX-2]1 and was digitized using an image ana-

e obsarved aver  vid anga of expariens ol 87 (20! ST L LS R e
y P T was performed on a Macintosh computénodel 7100/

above-mentioned results sugge_st that chemical react_ions C%%AV) by two-dimensional fast Fourier transfor@D-FFT)

be u_sed asa u;eful tool to manipulate the conce_ntranon ﬂu‘ﬁsing standard softwares for image analy@sion Image

tuations via which the morphology of polymer mixtures canr 31 ang Super PaiptThe characteristic length scajef the

be efficiently controlied. morphology was calculated by using the Bragg relation
In this Rapid Commumcqtmn, we show that th.e morphol—zzwlqmax_ Here, Guay, the wave number corresponding to

ogy of a ternary polymer mixture can undergaaimodal  the maximal intensity obtained from the 2D-FFT of the im-

—multimodal transition induced by independent Cross- ages, was calculated by circular averaging the two-
linking reactions of its two polymer components. By simul- dimensional intensity distributioh(q):

taneously monitoring the reaction kinetics and the time evo-
lution of the morphology, it was found that the multiple 1(q)=F(q)-F(q)*. 1)
length scales arise from the inhomogeneity of the cross-
linking process. The autocatalytic behavior of the reaction isl.
responsible for this inhomoggneogs kinet.ics, leading to thfe—'ourier transform of the contra$§€(r) —Cg} of the optical
emergence of the morphologies with multiple length Scalesmicrograph defined by
Samples used in this work are tertiary mixtures of anthra-
cene (A)-labeled polystyrene (PSA, M,=2.2x 10, .
M, /M,=1.7), polystyrene labeled with a cinnamic acid F(q):f {C(r)—Cgle '9"dr, 2
derivative (C) (PSC, M,,=2.2x10°, M,,/M,=1.7) and —
poly(vinyl methyl ethey (PVME, M,,=1.0x1C°, M,,/M,
=2.5). Except for PVME, which was purchased from Ald- where C, is the average concentration of the image and
rich, the other two polymers were synthesized according té-(q)* is the complex conjugate d¥(q).
the method reported previous[$,9]. The sample thickness A Hg-Xe lamp(Hamamatsu Photonics, 500)Wras used
was fixed at 5Qum by using a spacer. Other characteristics,as a light source to induce cross-linking reactions of PSA
and PSC chains via photodimerization of anthracgeand
of trans-cinnamicacid derivative(C) [14]. Ultraviolet (uv)
* Author to whom correspondence should be addressed. Electronlight with wavelengths longer than 360 nm and 280 nm was

he structure amplitud&(q) in the above equation is the

address: qui@ipc.kit.ac.jp used respectively to induce the oy A (single cross-link
"Present address: Department of Polymer Chemistry, Kyoto Uniand theA-A, C-C simultaneougdoublg cross-linking reac-
versity, Sakyo-ku, Kyoto 606, Japan. tions. The light intensity at 365 nm was adjusted at 3.0
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FIG. 2. Morphology with multiple characteristic length scales
resolved by inverse FFTa) original morphology obtained b4-A,
C-C doublecross-links of a PSA/PSC/PVME0/20/60 % blend
after 80 min of irradiation at 110 °G) cocontinuous morphology
with q>3.0x10*cm™; (c) cocontinuous morphology withy
<3.0x10 cm™%

(©) ) T (f): - range >3.0x 10*cm™Y) of the 2D-FFT intensity distribu-
tion shown in the inset of Fig. (h). The valueq=3.0
FIG. 1. Morphology and the corresponding 2D-FFT intensity X 10° cm™* corresponds to the magnitude qflocated be-
distribution of a PSA/PSC/PVME20/20/60 % blend. An A-A, tween the two rings of the intensity distribution. As illus-
C-C doublephoto-cross-link at 110 °C in 60 mife) and 80 min  trated in Fig. 2, two distinct morphologies with different
(b); only the A-A photo-cross-link at 110 °C in 110 mii) and 250  length scales were resolved from the inverse 2D-FFT opera-
min (d); A-A, C-C double photo-cross-linked at 40 °C for 30 min tion. Furthermore, the original morphology illustrated in Fig.
and then jumped to 145 °C in the dark, annealing time: 30 @®in  1(b) was recovered by superimposing the two morphologies
and 50 min(f). The scales are respectivelxa0*cm™*and 10um  resolved in Figs. @) and Zc). It is worth noting that the
for the Fourier intensity distribution and the images. intensity distribution similar to those in the inset of Figb)L
was also observed by 2D light scattering under the same
mW/cn?. The inhomogeneity of the light intensity within the condition. However, we only used the data obtained by op-
area covering the sample size (48 0.05 mm) is not more tical microscopy for further analysis because the scattering
than +5%. patterns observed with light scattering are often distorted by
At first, PSA and PSC chains in a PSA/PSC/PVNED/  the inhomogeneity arising from the cross-linking reactions of
20/60% blend were simultaneously photo-cross-linked atthe blend. Furthermore, since the morphology of the cross
110°C, which is 40 °C below the phase boundary. The regusection of the irradiated blends is uniform within the irradia-
lar cocontinuous morphology becomes observable at 25 mition time of these experiments, the contribution of the light
of irradiation. As an example, the morphology obtained afteintensity gradient inside the sample can be ruled out under
60 min of irradiation and its 2D-FFT intensity distribution as these experimental conditions.
a “sharp ring” are shown in Fig. (). As irradiation time Unlike the case ofloublecross-links, phase separation of
increases, the morphology coarsens very slowly and, subsére same blend induced lonly the A-A cross-link under the
quently, the second ring appears at the infew wave num-  same condition began with a “broad ring.” An example is
ben side of the preexisting ring as depicted in Fig. 1b for theillustrated in Fig. 1c) for a PSA/PSC/PVME20/20/60 %
same blend irradiated over 80 min. In order to confirm theblend irradiated with 365 nm uv light for 110 min at 110 °C.
existence of multiple length scales in the phase separation &s irradiation time increases, though the characteristic length
the PSA/PSC/PVME blend induced by the double cross-linkscale of the morphology is almost time independent, their
reactions, inverse Fourier transform of the structure amplicontrast is getting stronger and the intensitg) with broad
tude F(q) given in Eq.(2) was performed by separately distribution obtained by 2D-FFT splits into two distinct rings
masking the lowg range <3.0x 10 cm 1) and the highy  shown in Fig. 1d), as an example, for a blend irradiated over
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resulting morphology, the reaction kinetics was directly
monitored by following the changes in optical densities of
anthracene on the PSA chains at 400 nm, and of cinnamic
acid ester groups on the PSC chains at 310 nm prior to phase
separation. The conversian(t) of these reactions at a time
250 min. In order to elucidate the role of the chemical react was calculated by using the definitian(t)=[OD(t=0)
tions playing in the phase separation with multiple length—OD(t)]/OD(t=0), whereOD(t=0) andOD(t) are, re-
scales, a PSA/PSC/PVME blend was slightly cross-linked byspectively, the absorbances of anthracene and cinnamic acid
irradiating the blend for 30 min at 40 °C. At this stage, themoieties measured before and aftemin of irradiation. As
blend remains miscible with a cross-link density of two  shown in Fig. 4, the mean reaction rate given dy(dt) for
junctions/chain for PSA chains and an almost negligiblethe photodimerization of cinnamic acid decreases quickly
amounts of theC-C cross-links for the PSC component. with irradiation time and almost vanishes at 20 min after
Subsequently, the light source was turned off and the crossdtradiation at 110 °C. The corresponding total conversion
linked blend was jumped from 40 °C to 145 °C in the darkwas 4% (equivalent to oneC-C junction/chain over this
with a jump depth of 5°C. The phase separation was theperiod of irradiation prior to phase separation. These data
promoted by annealing the reacted blend at this destinatioimdicate that theC-C cross-linking reaction did not proceed
temperature. Contrary to the case shown in Figa)-11(d), efficiently under these experimental conditions. On the other
no spinodal rings were observed while the 2D-FFT intensityhand, the photodimerization of anthracene on the PSA chains
increased with annealing time. These results clearly indicates more efficient with a total yield of 31.3%equivalent to
that thein situ cross-linking reactions play a crucial role in six A-A junctions/chain and 23.8%(five A-A junctions/
the emergence of multiple length scales in the phase separehain for the cases obnly A-A and A-A, C-C double
tion of PSA/PSC/PVME blends. cross-links, respectively, during the same period of irradia-

Shown in Fig. 3 is the time evolution of the characteristiction. The difference in the cross-link density obtained for
length scalet obtained from the 2D-FFT intensity(q) of a  these two cases is consistent with the different coarsening
PSA/PSC/PVME20/20/60 % blend with theA-A andC-C kinetics illustrated in Fig. 3. As depicted in Fig. 4, the
doublecross-linking reactionfFig. 3(a)], and theA-A single  irradiation-time dependence of the average reaction rate
cross-linking reactiofFig. 3(b)]. In the former case, the time dea(t)/dt of anthracene exhibits a maximum at the early
evolution of the structure proceeds slowly under irradiationstage of the reactiofca. 4 min after irradiationand gradu-
and can be expressed by the power ldmt* with «=0.1.  ally decreases with increasing irradiation time. These results
However, at ca. 70 min after irradiation, an inner “ring” are in strong contrast with thea(t)/dt data of cinnamic
appears. Its characteristic length scale is almost independeatid, revealing the autocatalytic behavior of #eA cross-
from the irradiation time ¢=0.02) and tends to merge into linking reactions under irradiation. Such autocatalytic behav-
the “outer ring” at long irradiation time. Compared to this ior of the A-A cross-linking reaction has been observed pre-
double cross-linking reaction, phase separation of the samaiously in the photo-cross-linking kinetics of binary polymer
blend with only the A-A cross-links, performed under the blends and was attributed to the couplings between the cross-
same experimental conditions, proceeds differently as sedinking reactions and the concentration fluctuations of the
in Fig. 3(b). The characteristic length scafeestimated from reacting blend[15]. The position of the maximum of
the broad 2D-FFT intensity of Fig(d) stays almost constant dea(t)/dt in Fig. 4 is determined by the competition between
over the first 160 min of irradiation. However, beyond thisthe acceleration of the reaction by irradiation and the decel-
range of irradiation time¢ becomes multipl¢see Fig. 1d)]. eration caused by the increase in viscosity of the environ-
These two length scales remain unchanged within 120 min afnents around the PSA chains. Shown in the same figure is
additional irradiation. the reaction kinetics obnly the A-A cross-links selectively

In order to correlate the cross-linking processes and thanduced among the PSA chains in the same ternary blend.

FIG. 3. Time evolution of the characteristic length scales ob-
tained for a PSA/PSC/PVME?20/20/60 % blend photo-cross-
linked at 110 °C:(a) A-A and C-C simultaneous cross-linkgb)
only the A-A cross-link.
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Obviously, the reaction also exhibits the autocatalytic behavinhomogenous reaction kinetics enhanced by the presence of
ior with a maximum ind«(t)/dt at ca. 4 min of irradiation. some autocatalytic mechanism is responsible for the emer-
These results suggest that the cross-linking reaction of PS@ence of these multiple length scales in the phase separation
chains performed via photodimerization of cinnamic acid didof polymer mixtures. Since all of the blends used in this
not actively participate in the phase separation. study are miscible at the experimental temperatures and can
It should be noted that the phase separation with multipleynly undergo phase separation when the reactions proceed, it
characteristic length scales observed in this work shares i@ reasonable to think that the two length scales appearing in
common featu_re with the phase _separation kinetic_s of polypig_ 1 likely come from the phase separation of PVME and
mer blends Wl_th hydrogen bonding reported IOreVIOU_S|y bYcross-linked species with various distribution. In order to
using T-jump light scattering 16] and more recently in & qgyantitatively explain the complex kinetics of the phase
study of hydrogen bonding distribution in miscible polymer separation described above, some theoretical models incor-
blends by using small-angle neutron scattefibg. Further-  orating the autocatalysis of the reactions into the equation
more, the morphology with bimodal droplets has been exgf motion, such as the time-dependent Ginzburg-Landau

perimentally found in thermal curing of epoxi¢$8] and equation for polymer mixtures, are currently in need.
more recently in a computer simulation of polymerization-

induced phase separation where the polymer mobilities are This work was financially supported by the Ministry of
gradually slowed down with an increase in the reaction conEducation, Culture and Science, Japa®Grant No.
version[19]. From the above results, we conclude that the09650998.
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