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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 exhibits aunimodal̃ multimodal transition. 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 reactions.@S1063-651X~99!50308-5#

PACS number~s!: 83.80.Es, 83.80.Jx, 82.35.1t, 64.75.1g
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Recent analytical theories and numerical calculations p
dict that the concentration fluctuations with long wav
lengths, the so-called soft modes, in binary mixtures can
stabilized by chemical reactions@1–6#. This prediction was
confirmed by experiments using binary polymer mixtur
with one component undergoing reversible photoisomer
tion @7,8#. Similar suppression processes of these long wa
length fluctuations were also observed in experiments u
photo-cross-linking reactions to freeze the polymer mob
ties inside the spinodal@9# and the one-phase regions@10#.
The resulting structures, known as modulated phases,
been observed over a wide range of experiments as we
by computer simulations in condensed matter@11,12#. The
above-mentioned results suggest that chemical reactions
be used as a useful tool to manipulate the concentration
tuations via which the morphology of polymer mixtures c
be efficiently controlled.

In this Rapid Communication, we show that the morph
ogy of a ternary polymer mixture can undergo aunimodal
˜multimodal transition induced by independent cros
linking reactions of its two polymer components. By simu
taneously monitoring the reaction kinetics and the time e
lution of the morphology, it was found that the multip
length scales arise from the inhomogeneity of the cro
linking process. The autocatalytic behavior of the reaction
responsible for this inhomogeneous kinetics, leading to
emergence of the morphologies with multiple length scal

Samples used in this work are tertiary mixtures of anth
cene ~A!–labeled polystyrene ~PSA, Mw52.23105,
Mw /Mn51.7), polystyrene labeled with a cinnamic ac
derivative ~C! ~PSC, Mw52.23105, Mw /Mn51.7) and
poly~vinyl methyl ether! ~PVME, Mw51.03105, Mw /Mn
52.5). Except for PVME, which was purchased from Al
rich, the other two polymers were synthesized according
the method reported previously@8,9#. The sample thicknes
was fixed at 50mm by using a spacer. Other characteristi
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such as sample sizes and the preparation procedure o
blends, were described in detail elsewhere@10#.

The cloud points of PSA/PSC/PVME ternary blends we
measured by light scattering at a fixed angle~20°! with a
heating rate of 0.2 °C/min. By varying the weight fractio
~f! of the blend so thatfPSA5fPSC, while (fPSA1fPSC) is
varied, it was found that these blends exhibit a lower criti
solution temperature located at (fPSC1fPSA)>20% wt. All
of the blends reported throughout this paper have the c
position PSA/PSC/PVME~20/20/60 %!. Morphology was
observed by using a phase-contrast optical microscope~Ni-
kon, model FTX-21! and was digitized using an image an
lyzer ~Pias, LA-525, Japan!. Further analysis of these image
was performed on a Macintosh computer~model 7100/
80AV! by two-dimensional fast Fourier transform~2D-FFT!
using standard softwares for image analysis~Scion Image
@13# and Super Paint!. The characteristic length scalej of the
morphology was calculated by using the Bragg relationj
52p/qmax. Here,qmax, the wave number corresponding
the maximal intensity obtained from the 2D-FFT of the im
ages, was calculated by circular averaging the tw
dimensional intensity distributionI (q):

I ~q!5F~q!•F~q!* . ~1!

The structure amplitudeF(q) in the above equation is th
Fourier transform of the contrast$C(r )2C0% of the optical
micrograph defined by

F~q!5E
2`

`

$C~r !2C0%e
2 iq•rdr , ~2!

where C0 is the average concentration of the image a
F(q)* is the complex conjugate ofF(q).

A Hg-Xe lamp~Hamamatsu Photonics, 500 W! was used
as a light source to induce cross-linking reactions of P
and PSC chains via photodimerization of anthracene~A! and
of trans-cinnamicacid derivative~C! @14#. Ultraviolet ~uv!
light with wavelengths longer than 360 nm and 280 nm w
used respectively to induce the onlyA-A ~single cross-link!
and theA-A, C-C simultaneous~double! cross-linking reac-
tions. The light intensity at 365 nm was adjusted at 3
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mW/cm2. The inhomogeneity of the light intensity within th
area covering the sample size (123630.05 mm) is not more
than65%.

At first, PSA and PSC chains in a PSA/PSC/PVME~20/
20/60 %! blend were simultaneously photo-cross-linked
110 °C, which is 40 °C below the phase boundary. The re
lar cocontinuous morphology becomes observable at 25
of irradiation. As an example, the morphology obtained a
60 min of irradiation and its 2D-FFT intensity distribution a
a ‘‘sharp ring’’ are shown in Fig. 1~a!. As irradiation time
increases, the morphology coarsens very slowly and, su
quently, the second ring appears at the inner~low wave num-
ber! side of the preexisting ring as depicted in Fig. 1b for t
same blend irradiated over 80 min. In order to confirm
existence of multiple length scales in the phase separatio
the PSA/PSC/PVME blend induced by the double cross-
reactions, inverse Fourier transform of the structure am
tude F(q) given in Eq. ~2! was performed by separate
masking the lowq range (q,3.03104 cm21) and the highq

FIG. 1. Morphology and the corresponding 2D-FFT intens
distribution of a PSA/PSC/PVME~20/20/60 %! blend. An A-A,
C-C doublephoto-cross-link at 110 °C in 60 min~a! and 80 min
~b!; only theA-A photo-cross-link at 110 °C in 110 min~c! and 250
min ~d!; A-A, C-C double photo-cross-linked at 40 °C for 30 m
and then jumped to 145 °C in the dark, annealing time: 30 min~e!
and 50 min~f!. The scales are respectively 23104 cm21 and 10mm
for the Fourier intensity distribution and the images.
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range (q.3.03104 cm21) of the 2D-FFT intensity distribu-
tion shown in the inset of Fig. 1~b!. The value q53.0
3104 cm21 corresponds to the magnitude ofq located be-
tween the two rings of the intensity distribution. As illus
trated in Fig. 2, two distinct morphologies with differen
length scales were resolved from the inverse 2D-FFT op
tion. Furthermore, the original morphology illustrated in Fi
1~b! was recovered by superimposing the two morpholog
resolved in Figs. 2~b! and 2~c!. It is worth noting that the
intensity distribution similar to those in the inset of Fig. 1~b!
was also observed by 2D light scattering under the sa
condition. However, we only used the data obtained by
tical microscopy for further analysis because the scatte
patterns observed with light scattering are often distorted
the inhomogeneity arising from the cross-linking reactions
the blend. Furthermore, since the morphology of the cr
section of the irradiated blends is uniform within the irrad
tion time of these experiments, the contribution of the lig
intensity gradient inside the sample can be ruled out un
these experimental conditions.

Unlike the case ofdoublecross-links, phase separation
the same blend induced byonly theA-A cross-link under the
same condition began with a ‘‘broad ring.’’ An example
illustrated in Fig. 1~c! for a PSA/PSC/PVME~20/20/60 %!
blend irradiated with 365 nm uv light for 110 min at 110 °C
As irradiation time increases, though the characteristic len
scale of the morphology is almost time independent, th
contrast is getting stronger and the intensityI (q) with broad
distribution obtained by 2D-FFT splits into two distinct ring
shown in Fig. 1~d!, as an example, for a blend irradiated ov

FIG. 2. Morphology with multiple characteristic length scal
resolved by inverse FFT:~a! original morphology obtained byA-A,
C-C doublecross-links of a PSA/PSC/PVME~20/20/60 %! blend
after 80 min of irradiation at 110 °C;~b! cocontinuous morphology
with q.3.03104 cm21; ~c! cocontinuous morphology withq
,3.03104 cm21.
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250 min. In order to elucidate the role of the chemical re
tions playing in the phase separation with multiple leng
scales, a PSA/PSC/PVME blend was slightly cross-linked
irradiating the blend for 30 min at 40 °C. At this stage, t
blend remains miscible with a cross-link density~g! of two
junctions/chain for PSA chains and an almost negligi
amounts of theC-C cross-links for the PSC componen
Subsequently, the light source was turned off and the cr
linked blend was jumped from 40 °C to 145 °C in the da
with a jump depth of 5 °C. The phase separation was t
promoted by annealing the reacted blend at this destina
temperature. Contrary to the case shown in Figs. 1~a!–1~d!,
no spinodal rings were observed while the 2D-FFT intens
increased with annealing time. These results clearly indic
that thein situ cross-linking reactions play a crucial role
the emergence of multiple length scales in the phase sep
tion of PSA/PSC/PVME blends.

Shown in Fig. 3 is the time evolution of the characteris
length scalej obtained from the 2D-FFT intensityI (q) of a
PSA/PSC/PVME~20/20/60 %! blend with theA-A andC-C
doublecross-linking reactions@Fig. 3~a!#, and theA-A single
cross-linking reaction@Fig. 3~b!#. In the former case, the tim
evolution of the structure proceeds slowly under irradiat
and can be expressed by the power lawj}ta with a>0.1.
However, at ca. 70 min after irradiation, an inner ‘‘ring
appears. Its characteristic length scale is almost indepen
from the irradiation time (a50.02) and tends to merge int
the ‘‘outer ring’’ at long irradiation time. Compared to th
doublecross-linking reaction, phase separation of the sa
blend with only the A-A cross-links, performed under th
same experimental conditions, proceeds differently as s
in Fig. 3~b!. The characteristic length scalej estimated from
the broad 2D-FFT intensity of Fig. 1~c! stays almost constan
over the first 160 min of irradiation. However, beyond th
range of irradiation time,j becomes multiple@see Fig. 1~d!#.
These two length scales remain unchanged within 120 mi
additional irradiation.

In order to correlate the cross-linking processes and

FIG. 3. Time evolution of the characteristic length scales
tained for a PSA/PSC/PVME~20/20/60 %! blend photo-cross-
linked at 110 °C:~a! A-A and C-C simultaneous cross-links;~b!
only theA-A cross-link.
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resulting morphology, the reaction kinetics was direc
monitored by following the changes in optical densities
anthracene on the PSA chains at 400 nm, and of cinna
acid ester groups on the PSC chains at 310 nm prior to ph
separation. The conversiona(t) of these reactions at a tim
t was calculated by using the definitiona(t)5@OD(t50)
2OD(t)#/OD(t50), whereOD(t50) andOD(t) are, re-
spectively, the absorbances of anthracene and cinnamic
moieties measured before and aftert min of irradiation. As
shown in Fig. 4, the mean reaction rate given by (da/dt) for
the photodimerization of cinnamic acid decreases quic
with irradiation time and almost vanishes at 20 min af
irradiation at 110 °C. The corresponding total convers
was 4% ~equivalent to oneC-C junction/chain! over this
period of irradiation prior to phase separation. These d
indicate that theC-C cross-linking reaction did not procee
efficiently under these experimental conditions. On the ot
hand, the photodimerization of anthracene on the PSA ch
is more efficient with a total yield of 31.3%~equivalent to
six A-A junctions/chain! and 23.8%~five A-A junctions/
chain! for the cases ofonly A-A and A-A, C-C double
cross-links, respectively, during the same period of irrad
tion. The difference in the cross-link density obtained f
these two cases is consistent with the different coarsen
kinetics illustrated in Fig. 3. As depicted in Fig. 4, th
irradiation-time dependence of the average reaction
da(t)/dt of anthracene exhibits a maximum at the ea
stage of the reaction~ca. 4 min after irradiation! and gradu-
ally decreases with increasing irradiation time. These res
are in strong contrast with theda(t)/dt data of cinnamic
acid, revealing the autocatalytic behavior of theA-A cross-
linking reactions under irradiation. Such autocatalytic beh
ior of theA-A cross-linking reaction has been observed p
viously in the photo-cross-linking kinetics of binary polym
blends and was attributed to the couplings between the cr
linking reactions and the concentration fluctuations of
reacting blend @15#. The position of the maximum o
da(t)/dt in Fig. 4 is determined by the competition betwe
the acceleration of the reaction by irradiation and the de
eration caused by the increase in viscosity of the envir
ments around the PSA chains. Shown in the same figur
the reaction kinetics ofonly the A-A cross-links selectively
induced among the PSA chains in the same ternary ble

-

FIG. 4. Irradiation time dependence of the average reaction r
obtained at 110 °C:d, A-A andC-C simultaneous cross-links;s,
only theA-A cross-link;j, only theC-C cross-link.
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Obviously, the reaction also exhibits the autocatalytic beh
ior with a maximum inda(t)/dt at ca. 4 min of irradiation.
These results suggest that the cross-linking reaction of P
chains performed via photodimerization of cinnamic acid
not actively participate in the phase separation.

It should be noted that the phase separation with mult
characteristic length scales observed in this work share
common feature with the phase separation kinetics of p
mer blends with hydrogen bonding reported previously
using T-jump light scattering@16# and more recently in a
study of hydrogen bonding distribution in miscible polym
blends by using small-angle neutron scattering@17#. Further-
more, the morphology with bimodal droplets has been
perimentally found in thermal curing of epoxies@18# and
more recently in a computer simulation of polymerizatio
induced phase separation where the polymer mobilities
gradually slowed down with an increase in the reaction c
version @19#. From the above results, we conclude that
s.
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inhomogenous reaction kinetics enhanced by the presenc
some autocatalytic mechanism is responsible for the em
gence of these multiple length scales in the phase separ
of polymer mixtures. Since all of the blends used in th
study are miscible at the experimental temperatures and
only undergo phase separation when the reactions procee
is reasonable to think that the two length scales appearin
Fig. 1 likely come from the phase separation of PVME a
cross-linked species with various distribution. In order
quantitatively explain the complex kinetics of the pha
separation described above, some theoretical models in
porating the autocatalysis of the reactions into the equa
of motion, such as the time-dependent Ginzburg-Land
equation for polymer mixtures, are currently in need.
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Education, Culture and Science, Japan~Grant No.
09650998!.
IH
of

/

O.

l-

m.
@1# B. A. Huberman, J. Chem. Phys.65, 2013~1976!.
@2# S. C. Glotzer, E. A. Di Marzio, and M. Muthukumar, Phy

Rev. Lett.74, 2034~1995!.
@3# J. Verdasca, P. Borckmans, and G. Dewel, Phys. Rev. E52,

4616 ~1995!; 55, 4828~1997!.
@4# J. J. Christensen, K. Elder, and H. C. Fogedby, Phys. Re

54, 2212~1996!.
@5# D. Carati and R. Lefever, Phys. Rev. E56, 3127~1997!.
@6# M. Hildebrand, A. S. Michailov, and G. Ertl, Phys. Rev. E58,

5483 ~1998!.
@7# Q. Tran-Cong, T. Ohta, and O. Urakawa, Phys. Rev. E56, R59

~1997!.
@8# T. Ohta, O. Urakawa, and Q. Tran-Cong, Macromolecules31,

6845 ~1998!.
@9# A. Imagawa and Q. Tran-Cong, Macromolecules28, 8388

~1995!.
@10# A. Harada and Q. Tran-Cong, Macromolecules30, 1643

~1997!.
E

@11# M. Seul and D. Andelman, Science267, 476 ~1995!.
@12# C. Sagui and R. C. Desai, Phys. Rev. E49, 2225~1994!.
@13# Scion Image for MAC OS is an extended version of the N

Image Program~developed at the U.S. National Institutes
Health! available on the Internet at URL: http://scioncorp.com
pages/scion–image–mac.html.

@14# See, for example, J. J. McCullough, Chem. Rev.87, 811
~1987!.

@15# Q. Tran-Cong, A. Harada, K. Kataoka, T. Ohta, and
Urakawa, Phys. Rev. E55, R6340~1997!.

@16# M. He, Y. Liu, Y. Feng, M. Jiang, and C. C. Han, Macromo
ecules24, 464 ~1991!.

@17# C. Zhou, E. K. Hobbie, B. J. Bauer, and C. C. Han, J. Poly
Sci., Part B: Polym. Phys.36, 2745~1998!.

@18# T. Ohnaga, J. Maruta, and T. Inoue, Polymer30, 1845~1989!.
@19# M. Okada, H. Masugawa, and H. Furukawa~unpublished!.


