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Modes selection in polymer mixtures undergoing phase separation
by photochemical reactions
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Phase separation kinetics and morphology of binary polymer mixtures~A/B! in the presence of
photochemical reactions were investigated by using phase-contrast optical microscopy combined
with digital image analysis. The polymers were chemically designed in such a way that two types
of chemical reactions, intermolecular photodimerization and intramolecular photoisomerization, of
polymer segments can be induced and controled by irradiation with ultraviolet light. Unlike the
conventional case, the phase separation in the presence of these reactions is spontaneously frozen
due to the suppression of the long-wavelength instabilities, resulting in stationary spatial structures
with intrinsic periodicities. These characteristic length scales are determined by the competition
between the two antagonistic interactions: phase separation as a relatively short-range activation and
the photochemical reaction as a long-range inhibition. Furthermore, it was found that the spatial
symmetry breaking of concentration fluctuations can emerge from the elastic stress associated with
the nonhomogeneous kinetics of the reactions. Experimental data obtained with three types of
reactions: A-A only cross-link, A-A and B-B simultaneous cross-links and the reversible A⇔B
photoisomerization are described. These results do not only indicate that combination of chemical
reactions and phase separation could provide a novel method to control the morphology of
multiphase polymer materials, but also suggest that photoreactive polymers can be used as a
chemical system to study the mode-selection process in polymers far from thermodynamic
equilibrium. © 1999 American Institute of Physics.@S1054-1500~99!00302-X#
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In the past decades, the fact that physical properties of
alloys are dictated by their phase-separated structures
has promoted a large number of studies on morphology
control from both fundamental and practical viewpoints.
The so-called square gradient theory of Cahn and Hill-
iard has provided a concrete basis for the understanding
of phase separation kinetics without chemical reactions.
Here, the concentration fluctuations which grow fastest
among others determine the final morphology. On the
other hand, the phase separation of mixtures accompa
nied by chemical reactions is completely different from
the case of nonreactive mixtures. In the presence of re
versible and/or cross-linking reactions, phase separation
can only proceed to some certain extent and eventually
exhibits spontaneous pinning, giving modulated struc-
tures with various characteristic length scales. With light
as a control parameter, photochemical reactions can be
used as a tool for controling not only the characteristic
length scale, but also the spatial symmetry of the mor-
phology by taking advantage of linearly polarized light.
Unlike small molecule systems, the effects of changes i
elasticity associated with chemical reactions in polymers
contribute to the phase separation as a long-range inter-
action. These results suggest two possibilities:„1… poly-
mer mixtures undergoing phase separation driven by
chemical reactions can be used as a system to study th
mode-selection process in media where elasticity has

a!Corresponding author. Electronic mail: qui@ipc.kit.ac.jp
2981054-1500/99/9(2)/298/10/$15.00
pronounced role; „2… polymeric materials with novel
morphologies can be obtained by coupling chemical reac
tions with phase separation. Finally, these experimental
data might provide useful information for modeling of
reaction-diffusion with long-range elasticity.

I. INTRODUCTION

Polymers that are composed of chainlike molecules
often immiscible with each other because the mixing entro
greatly decreases with increasing the chain lengths and
most cases, their specific interactions are unfavorable
miscibility at molecular scale.1 Besides these thermodynam
cal reasons, the fact that the gaps between the glass trans
and the decomposition temperatures are relatively narrow
most polymers is also responsible for the immiscibility
polymer mixtures. Therefore, for most cases, polymer m
tures undergo phase separation upon mixing, giving mu
phase polymeric materials. Similar to metallic alloys, exte
sive research on multiphase polymers in the past th
decades has shown that the physical properties such as
coelastic, optical, thermal, and mechanical properties
polymer blends critically depend on their phase-separa
structures.2 For the purpose of improving polymer function
ality, morphology control has been one of the long-stand
research subjects in practical as well as fundamental poly
science.

Over the past decades, a wide variety of techniques
been developed to improve the morphology control of m
tiphase polymeric materials. From the chemical viewpo
© 1999 American Institute of Physics
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sophisticated polymerization techniques such as living
ionic polymerization3 were discovered and intensively deve
oped to synthesize homopolymers with narrow molecu
weight distribution and block copolymers with well-define
chemical structures.4 Though polymer solids with a larg
number of ordered structures such as hexagon, lamella,
roids and so on can be obtained with this particular polym
ization method, their characteristic length scales are
stricted in the nanometer scale due to the limitation of
polymerization mechanism. Alternatively, morphology in t
micrometer range of multiphase polymers can be also c
troled by the physical methods such as mechanical stirr5

or applying a shear field6 to polymer mixtures. Though the
length scales of these structures can be regulated to s
certain extent, it is not able to control the regularity of t
morphology by using these physical methods. Therefore
would be of great benefit for polymer materials science
some novel methods can be developed to control both
regularity as well as the characteristic length scales of
morphology ranging from nanometer to micrometer. One
the useful approaches would be applying the principle
nonlinear dynamics to systems far from equilibrium7,8 to
generate and control the spatio-temporal structures of p
mer materials. Particularly, materials processing, in reality
carried out under nonequilibrium conditions. In metallurg
unique phenomena such as directional solidification9 or
phase ordering of metallic alloys bombarded with hig
energy particles10 have been observed under thermodyna
cal nonequilibrium conditions. These experimental data h
been analyzed in terms of reaction-diffusion mechanism.11

In this paper, we show that photochemical reactions
be used as a useful tool to generate and control the le
scale as well as the symmetry of modulated structures
polymer mixtures by taking advantages of the competit
between the reactions and the phase separation. Here
types of photochemical reactions: photodimerization of
thracene andtrans-cinnamic acid@Figs. 1~a! and 1~b!#, and
photoisomerization of stilbene@Fig. 1~c!# were used as the
typical reactions for these purposes. The first two reacti
initiate the cross-link between different segments of polym
chains, leading to the network formation whereas the th
one is an intramolecular reaction initiating phase separa
by the changes in volumes as well as in dipole moment
the trans- andcis-isomers. Figure 2 schematically shows t
reactions in binary polymer mixtures under irradiation f
these three cases. Unlike thermally activated reactions,
tochemical reactions can be initiated and terminated indep
dently from thermodynamic variables such as pressure
temperature, thus providing an efficient way for the morph
ogy control.

First, the recent analytical theories of phase separa
with and without chemical reactions are briefly reviewe
The phase separation kinetics and the morphology of p
mer blends obtained by the A-A only cross-link reaction
side the spinodal as well as in the one-phase regions,
subsequently by the A-A, B-B simultaneous cross-links
the miscible region, are discussed in conjunction with
mechanism of freezing the long-wavelength fluctuations,
the so-called soft modes, predicted by theories. Suppres
-
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of these modes in polymer blends in the presence of
reversible photoisomerization A⇔B was also experimentally
investigated. The mathematical analogy between the ph
separation of binary polymer blends accompanied by rev
ible chemical reactions and the microphase separation
diblock copolymers was experimentally examined with e
phasis on the role of elastic stress arising from the nonho
geneous reaction kinetics. The perspectives of contro
morphology via the selection process of unstable modes
using chemical reactions in polymers are finally discusse

II. THEORETICAL BACKGROUND OF PHASE
SEPARATION IN BINARY POLYMER MIXTURES

A. Phase behavior of polymer mixtures

Similar to small-molecule systems, the miscibility of
binary polymer mixture~A/B! is determined by the change i
the Gibbs free-energy associated with the mixing proces

FIG. 1. Photochemical reactions used to induce phase separation of pol
mixtures: photodimerization of anthracene~a! and of trans-cinnamic acid
~b!; photoisomerization of stilbene~c!.

FIG. 2. Schematic presentation of polymer reactions in polymer mixtu
~a! A-A only, A-A and B-B simultaneous cross-links:~d!, anthracene;~d
5d!, the corresponding photodimer;~s!, unreacted cinnamic acid este
~s5s!, the corresponding photodimer~b! A⇔B photoisomerization:~d!,
trans-stilbene;~s!, cis-stilbene.~---!: unreacted chains.
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DF5DH2TDS. ~1!

Here, F, H, and S are the Gibbs free-energy, enthalpy a
entropy, respectively. Generally, compared to small m
ecules, polymers are not easily miscible with each other
to the small change in mixing entropy. The first thermod
namical theory of polymer mixtures, known as the mea
field theory, was formulated by Flory and Huggins.12 This
becomes a basis for the theoretical description of polym
miscibility. Polymer mixtures can possess an upper criti
solution temperature~UCST! and/or a lower critical solution
temperature~LCST!. The latter behavior is the characterist
feature of polymeric systems, arising from the mismatch
free-volumes between polymer components. There exis
number of polymer mixtures that are miscible at ambi
temperature and undergo phase separation upon incre
temperature like the mixtures of poly~vinyl methyl ether! and
polystyrene derivatives discussed below.

B. Phase separation kinetics of polymer mixtures

1. Nonreactive mixtures

Phase separation kinetics of polymer mixtures was
mulated by extending the Cahn-Hilliard linearized theory13,14

for metallic alloys to polymers using the Flory-Huggin
mean-field free-energy.15 For the case of a nonreactive b
nary mixture~A/B!, the time evolution of the compositionf
of one polymer component can be written in terms of its fl
J with respect to the other component:

]f

]t
52¹J ~2!

and

J52M¹m,

where M is the mutual mobility ofA and B, and m5(m2

2m1) is the difference in the chemical potential between
two polymer components.

By substitutingm5dF/df into ~2!, the equation of mo-
tion can be rewritten in terms of functional derivative
free-energy:

]f

]t
5M¹2

dF

df
. ~3!

In Eq. ~3! F is the Cahn-Hilliard free-energy:

F~f!5E dr@ f ~f!1k~¹f!2#. ~4!

Here f (f) is the free-energy of the mixture in a hom
geneous state taken as the Flory-Huggins free-energy
polymeric systems. The second term on the rhs of~4! is the
square-gradient term coming from fluctuations. The coe
cientk expresses the strength of the interactions between
two components. After linearization with respect to the a
erage compositionf0 , the equation of motion for the fluc
tuations in compositiondf5(f2f0) is

]~df!

]t
5M¹2F S ]2f

]f2D ~df!22k¹2~df!G . ~5!
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The solution of~5! in Fourier space is obtained by the co
ventional way:

dfF~q,t !5dfF~q,0!eR~q!t, ~6!

predicting that the growth rateR(q) of the fluctuation with
the wave numberq is

R~q!5Mq2F2S ]2f

]f2D22kq2G . ~7!

The dispersion relation~7! predicts that once the mixtur
are brought inside the immiscible region, all the unsta
modes will grow until phase equilibrium with random two
phase structures is achieved. The mode with infinitive wa
length is metastable@R(q→0)50#.

2. Binary mixtures with reversible reactions

Studies on phase separation of a binary mixture A
accompanied by the reversible reaction A⇔B were initiated
recently by Glotzer and co-workers.16 Analytical solutions
for the linear region and numerical calculations for the la
stage kinetics have been subsequently carried out by a n
ber of research groups.17–19 Recently, from a general view
point of nonequilibrium thermodynamics of reacting mi
tures, Lefever and Carati have shown that, instead of Eq.~7!,
the dispersion relation in the presence of a reversible reac
is20

R~q!5N~f0!Z~f0!1@ I ~f0 ,d!2Z~f0!#q22q4. ~8!

Here N(f0), the reaction parameter, is determined
the forward and backward reaction kinetics and plays a c
cial role in the stability of the reacting mixture,Z(f0) is a
nondimensionalized second derivative of free-energy of
mixture @]2f (f)/]f2#f5f0

and I (f0 ,d) is the parameter
determined by both the reaction kinetics and the ratio of
homo- to the hetero-interaction energies between the
components of the mixtures. Depending on the sign
N(f0) andZ(f0), the following cases were identified:

~a! Z(f0).0 andN(f0).0: The mixture is miscible but
can exhibit purely chemical instability due to the no
linearity of the reaction kinetics.

~b! Z(f0).0 andN(f0),0: The mixture is miscible but
is able to exhibit the Turing-like instability7,8 due to the
large difference between the homo-interactions of
two components in the mixture.

~c! Z(f0),0 and N(f0),0: The mixture is thermody-
namically unstable. This case is equivalent to the c
ventional spinodal decomposition process as in the
sence of the reaction.

~d! Z(f0),0 and N(f0).0: The mixture undergoes
phase separation, leading to the suppression of
long-wavelength fluctuations~the soft modes!. The sta-
tionary structure possesses intrinsic length scales de
mined by the competition between phase separa
and the reaction as schematically shown in Fig. 3.
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3. Phase separation of binary polymer mixtures
induced by photo-cross-linking reactions

For polymeric systems, the contribution of the viscoel
ticity to the free-energy of the mixtures during the reacti
becomes significant, making the problems complicated. C
rently, there are no theories to explain satisfactorily the p
nomena. Based on the experimental data of the spinoda
composition process frozen by the photo-cross-link
reactions of the A-A type in binary polymer mixtures,21 Na-
kazawa and Sekimoto recently propose a viscoelastic m
for the phase separation of a mixture composed of a no
active polymer component trapped inside a network grow
by photo-cross-linking reactions.22 The equation of motion
for the deformationl of the mixture is

]l

]t
5

]

]X FGl ]

]X ) G , ~9!

whereX is the coordinate in the homogeneous and therm
dynamically stable cross-linked mixture~called gel!, taken as
a reference state. HereG is the Onsager transport coefficien
The volume fractionf(X) of the gel under a deformationl
is related to that of the homogeneous gel byf(X)
5f0 /l(X) where f0 is the volume fraction of the initia
homogeneous cross-linked mixture. The free-energy of
mixture is composed of two parts, the osmoticFos and the
elastic free-energyFel . The total free-energyF5Fos1Fel is
thus related to the osmotic stressP(X) of the reacting mix-
ture by

) ~X!5
dF

dl~X!
5)

os
1)

el
. ~10!

The Flory-Huggins free-energy is included in the o
motic partPos , and the viscoelastic partPel was assumed to
contain a memory function recording the history of the cro

FIG. 3. Dispersion relation obtained from the linearization of the equa
of motion for phase separation:~a! without chemical reaction;~b! in the
presence of a reversible reaction.K: the constant determined by reactio
kinetics.
-
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linking reaction. This function is related to the cross-lin
densityn via the reaction kinetics by using the mean-fie
approximation:

dn

dt
5K~n`2n!2, ~11!

wheren andn` are the cross-linking densities at a timet and
t5t` . Here, the reaction was assumed to proceed homo
neously with the rate constantK independent from the ther
modynamics of the reacting mixture. Equation~11! models
the photodimerization kinetics of anthracene labeled on
polymer component of the binary blends. By varying t
reaction rateK, the reaction-time dependence of the defo
mationl(X,t) and of the volume fractionf(x,t) were cal-
culated. It was predicted that the phase separation was fro
as the cross-linking reaction reaches a critical value. Furth
more, the freezing effect is more effective for slower cro
linking reactions.

III. EXPERIMENTAL SECTION

A. Characteristics and chemical reactions of
polymers

Samples used in this work are the three mixtur
anthracene-labeled polystyrene/poly~vinyl methyl ether!
~PSA/PVME!, cinnamic acid-labeled polystyrene/poly~vinyl
methyl ether! ~PSC/PVME! and trans-stilbene labeled
polystyrene/poly~vinyl methyl ether! ~PSS/PVME!. To in-
crease the contrast for optical microscopy and for sm
angle x-ray scattering~SAXS! experiments, anthracene
labeled poly~2-chlorostyrene! ~P2CSA! was also mixed with
PVME. The phase separation behavior of P2CSA/PVME
in general, similar to the PSA/PVME mixture. Except PVM
purchased from Aldrich Chem. Co., all other polymers we
synthesized according to the procedure descri
previously.21 Three types of photochemical reactions are u
lized to induce phase separation of binary polymer mixtu
~A/B!: A-A type cross-link via photodimerization of anthra
cene, A-A and B-B simultaneous cross-link by using pho
dimerization of both anthracene and cinnamic a
derivatives,23 and the reversible photoisomerization
stilbene.24 The characteristics and chemical structures
these photosensitive polymers are summarized in Table
gether with their chemical structures illustrated in Fig. 4. T
samples with the size (631230.05 mm3) are dried under
vacuo over two nights at 60 °C. Subsequently, the mixtu

n

TABLE I. Characteristics of polymers used to induce phase separatio
this work.

Polymers Mw Label contenta Type of cross-link

P2CSA 2.13105 55 A-A only cross-kink
PSA 2.73105 40 A-A only cross-kink
PSC 2.03105 38
PSA-2 2.03105 35 A-A and B-B simultaneous

cross-link
PSS 3.23105 160 A�B isomerization
PVME 1.03105

¯ ¯

aAverage number of labels per chain.
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are sandwiched between two glass plates with an alumin
spacer used to adjust the sample thickness prior to the
periments.

All the blends used in this work have a lower critic
solution temperature~LCST!. As an example, the phase di
gram of a P2CSA/PVME blend is shown in Fig. 5 with bo
the coexistence curve and the spinodal line determined
small-angle x-ray scattering.21

B. Irradiation experiments

Polymer mixtures were irradiated with ultraviolet ligh
from a Hg–Xe lamp~500 W, Hamamatsu Photonics!. The
two lines at 313 and 365 nm were selected from the li
source by using appropriate optical filters and subseque
focused at the sample kept in a brass heating block.
details of the optical arrangements were describ
elsewhere.25 The intensity of the above two lines is variab

FIG. 4. Chemical structures of polymers used in this work:~a! PSA; ~b!
PSC;~c! PSS and~d! PVME.

FIG. 5. Phase diagram of an anthracene-labeled poly~2-chlorostyrene!/poly
~vinyl methyl ether! mixture determined by using small-angle x-ray scatt
ing ~SAXS!.
m
x-

y

t
tly
e
d

in the range 0.1–7.0 mW/cm2. The temperature was thermo
stated with a precision of60.5 °C by using a temperatur
controller ~Okura Electrics, SC-5600!.

C. Morphological observation and data analysis

Morphology of these reacting mixtures was observed
using a phase-contrast optical microscope~Nikon, Model
XTF-21!. The images were digitalized by using an ima
analyzer~Pias, Model LA-525! and were then transferred t
a computer~Macintosh 7100-80AV! where further structure
analysis such as two-dimensional fast Fourier transform~2D-
FFT! was performed by using standard softwares for ima
analysis such as Scion Image® and IP Lab Spectrum® ~Sig-
nal Analytics Corp.!. From the 2D-FFT power spectra dat
the characteristic length scalej of the structures was ob
tained by using the Bragg formula:

j5
2p

qmax
. ~12!

Here qmax is the wave number corresponding to the ma
mum of the power spectra. To increase the S/N ratio,qmax

was obtained either from circular average of the isotropic
from sector average of the anisotropic power spectra.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Phase separation of binary polymer mixtures with
the A-A type photo-cross-linking reactions

As described in Sec. II, a polymer mixture undergo
spinodal decomposition as soon as it was brought into
unstable region. In the initial stage, the wavelength of flu
tuations is unchanged whereas their amplitude grows w
time as predicted by the Cahn-Hilliard linearized theory13

Subsequently, these structures become more and more c
ened, and finally the mixture reaches phase equilibrium w
random two-phase structures. The intermediate structures
veloping during the spinodal decomposition process of
P2CSA/PVME blend can be frozen by forming the P2CS
networks trapping PVME chains via photodimerization
anthracene. This freezing process can be observed wi
P2CSA/PVME ~60/40! blend irradiated over 30 min with
365 nm uv light after a temperature jump from 100 °C~the
one-phase region! to 152 °C ~the spinodal region!. The
quench depth, i.e., the distance from the spinodal line, is 2
for this particular case. The morphology of the blend o
served by phase-contrast optical microscopy under this
perimental condition is an interconnecting structure in
micrometer scale as revealed by the ‘‘ring-shaped’’ 2D-F
power spectra. After cross-linking, the blend was anneale
the dark at the experimental temperature. The time evolu
of the characteristic length scalesj calculated from Eq.~12!
is illustrated in Fig. 6. In the early stage,j grows with irra-
diation time to a certain extent and then tends to approac
equilibrium value, revealing the freezing process of the sp
odal decomposition by the photo-cross-linking reactio
Similar phenomena was also observed with a PSA/PV
~50/50! blend photo-cross-linked in 35 min at 120 °C in th
one-phase region located at 10.5 °C below the cloud po
Figure 7 shows the morphology of this particular blend un
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the irradiation condition. The corresponding ‘‘ring-shape
2D power spectra are shown in the inset of this figure,
flecting the interconnectivity of the morphology in the m
crometer scale. The phase separation kinetics obtained b
reaction in the one-phase region is similar to the case
cross-link inside the spinodal region. This freezing proc
can be described by the scaling law proposed recently
binary mixtures undergoing phase separation in the pres
of obstacles.26 According to this prediction, the time evolu
tion of the characteristic length scalesj can be expresse
by16

j~ t !5taG~x! ~13!

and

x5kt,

FIG. 6. Time evolution of the characteristic length scale of the morphol
observed for a P2CSA/PVME~60/40! blend annealed at 152 °C in the da
after photo-cross-linked at the same temperature.

FIG. 7. Morphology and the corresponding 2D-FFT power spectra~the
inset! of a PSA/PVME~20/80! blend photo-cross-linked with uv light at 36
nm over 35 min at 110 °C.
’
-

the
of
s

or
ce

where k and t are the reaction rate and the reaction tim
respectively. Here, the phase separation is assumed to ev
through two stages. In the early stage, the phase separ
proceeds according to the power lawta without influence
from the forming networks. As soon as the presence of
networks becomes effective, the phase separation is fro
The scaling functionG(x) has the following asymptotic be
havior:

G~x!5constant for x!`

and

G~x!}t2a for x→` ~14!

In order to test this scaling law, Eq.~13! is rewritten as

j~ t !/ta5G~x!. ~15!

Since the lhs of~15! can be directly determined by ex
periments, Eq.~13! can be experimentally justified by plot
ting j(t)/ta versus irradiation time. It was found that th
scaling law given in~13! is in good agreement with the ex
perimental data obtained for a PSA/PVME~20/80! blend
photo-cross-linked at 110 °C as shown in Fig. 8. The ex
nenta was found to be approximately14 which corresponds
to the weak segregation limit.

On the other hand, the photodimerization kinetics of a
thracene obtained in the one-phase region far from the ph
boundary of the PSA/PVME blends follows the Kohlrauc
Williams-Watts kinetics:27

OD~ t !5~OD02B!exp~2k0t !b1B, ~16!

indicating that the cross-linking reaction does not proce
homogeneously in the blend under irradiation. Here,k0 is the
average reaction rate, andOD0 , B andb are the initial ab-
sorbance of anthracene, the baseline and the inhomoge
index. HereB was introduced into the kinetics to express t
fact that the cross-linker anthracene is not always comple
consumed under irradiation. An example is shown in Fig
for a PSA/PVME~20/80! and a~50/50! blend photo-cross-
linked respectively at 10 °C and 30 °C. It is worth noting th
Eq. ~16! does not hold at temperatures close to the ph
boundary where the autocatalytic behavior of the cro
linking reaction was found recently.28

From the experimental results described above, we c
clude that the A-A type of cross-linking reactions induc
inside the spinodal as well as in the one-phase region
binary polymer mixtures suppress the long-wavelength fl
tuations in the reacting mixture. These experimental res
suggest that morphologies with various intrinsic leng
scales can be obtained by appropriately adjusting the com
tition between the reaction and phase separation.

B. Phase separation of binary polymer mixtures
with A-A and B-B simultaneous photo-cross-linking
reactions

In order to induce phase separation of polymer mixtu
by the A-A and B-B simultaneous cross-link reactions, po
styrenes labeled with anthracene~PSA-2! and with a cin-
namic acid derivative~PSC! were mixed with PVME to form
tertiary blends~PSA-2/PSC/PVME! of various compositions.

y
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FIG. 8. Experimental verification for
the scaling law given in Eq.~13!. Inset:
dependence of the length scalej on the
irradiation time in real space.
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The composition of the blend is varied in such a way t
fPSA5fPSC. Upon irradiation with uv light at 313 and 36
nm, PSC and PSA-2 chain can be independently cross-lin
in the ternary PSA-2/PSC/PVME blend. The reason for us
the ternary system PSA-2/PSC/PVME instead of the bin
PSA-2/PSC mixtures is that the latter is very brittle at am
ent temperatures, resulting in some drawbacks in exp
ments using optical microscope and light scattering. L
other binary blends used in this work, the ternary PSA
PSC/PVME mixture possesses a lower critical solution te
perature and undergoes phase separation upon cross-lin
The effects of the cross-linking reaction kinetics on the m
phology of the blend were examined by carrying out tw
typical experiments. One is performing the simultaneo
A-A ~via photodimerization of anthracene! and B-B ~via
photodimerization of cinnamic acid derivatives! photo-cross-
linking reactions by using two excitation wavelengths of 3

FIG. 9. Photo-cross-link kinetics of PSA/PVME~50/50! and~20/80! blends
observed respectively at 30 °C and 10 °C by monitoring the absorbanc
anthracene at 410 nm. The difference between the experimental tempe
and the glass transition of these two blends is the same.
t

ed
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y
-
ri-
e
/
-
ng.
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s

and 313 nm. The former wavelength is used to induce o
the reaction of anthracene on the PSA-2 chains whereas
latter can simultaneously initiate the photodimerization
both the anthracene moieties on the PSA-2 chains and
cinnamic acid derivative on the PSC component. These
sults are then compared to the case of A-A only cross-link
obtained for the same blend. It should be noted that to fac
tate the comparison, the cross-linking reaction kinetics
anthracene in both experiments were matched within 5%
adjusting the intensity of the excitation light. These pho
cross-linking conditions are summarized in Table II. Sho
in Fig. 10~a! are the morphology and the corresponding 2
FFT power spectra of a PSA-2/PSC/PVME~20/20/60! blend
obtained by cross-link in the miscible region under the co
dition ~2! indicated in Table II. Compared to the same ble
with the A-A only cross-link obtained by photodimerizatio
of anthracene at the same temperature under the cond
~1!, the blend with simultaneous A-A and B-B cross-link
exhibits modulated morphology that is much more regu
than the A-A only cross-linking reaction. This conclusion
based on the time evolution of the half-width at maximum
the 2D-FFT power spectra obtained for both cases. Th
experimental results imply that, compared to the A-A on
cross-link type, the bandwidth of the wave numbers of
unstable modes~Fig. 3! involving in the phase separation o
the PSA-2/PSC/PVME~20/20/60! blend was narrowed by
the A-A and B-B simultaneous cross-linking reactions.

of
ure

TABLE II. Photo-cross-linking conditions for the morphological resu
shown in Fig. 10.

Condition
Type of

cross-links
Irradiation
time ~min!

Conversion
~%!

Excitation
~nm!

~1! A-A 60 31 >360
~2! A-A 60 24 >290

B-B 3
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FIG. 10. Morphology and the corresponding 2D-FF
power spectra of a tertiary PSA-2/PSS/PVME~20/20/
60! blend obtained by~a!, A-A and B-B simultaneous
photo-cross-link;~b! A-A only cross-link. The experi-
mental conditions are summarized in Table II.
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other words, the above results suggest that photo-cr
linking reactions do not only suppress the evolution of
long-wavelength fluctuations, but they also select the ba
widths of these unstable modes. Further experiments u
ternary mixtures with different compositions of PSC sho
that the bandwidths of unstable modes change with the c
version of the photodimerization of cinnamic acid ester m
eties on the PSC chains. For high conversion, the PSC c
ponent accelerates the phase separation and consequ
broadens the dispersion curve of the reacting mixture. Qu
titative interpretation of these results cannot be obtained
less the set of coupled Cahn-Hilliard equations for react
polymer mixtures is solved for these particular cross-l
conditions.

C. Morphology and phase separation kinetics
of binary polymer mixtures „A/B … with reversible
photoisomerization A ⇔B

Recently, analytical calculation26 and computer
simulation16–19 have predicted that the morphologies dev
oping during the spinodal decomposition process of a re
ing binary mixture~A/B! can be spontaneously frozen in th
presence of the reversible reaction A⇔B. The prediction for
the soft-modes suppression was derived for the first time
Huberman for the phase separation driven by autocata
reactions29 and later by others for heterogeneous reactions
a catalytic surface.30 From the viewpoints of materials sc
ence, it is critically important to verify this suppression pr
cess because this concept might provide very useful te
niques to control the morphology of polymer mixtures
using reversible chemical reactions. For this purpose,trans-
stilbene labeled polystyrene/poly~vinyl methyl ether! ~PSS/
PVME! mixtures were used as a model system. As m
tioned early, upon irradiation with uv light, stilbene moieti
on the PSS chains undergo reversibletrans⇔cis photoi-
somerization, inducing phase separation. The destabiliza
of PSS/PVME blends induced by this reaction was direc
observed by light scattering31 as well as by small-angle neu
tron scattering32 from the sample before and after irradiatio
The rates of the forwardtrans→cis and the backwardcis
→trans reactions can be adjusted by varying the excitat
wavelength and the light intensity. Figure 11 shows the ti
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evolution of a PSS/PVME~50/50! blend irradiated by 365
nm uv light with the intensity 4.1 mW/cm2 at 105 °C. The
phase separation becomes observable under phase-co
optical microscope after 20 min of irradiation. The morpho
ogy is an isotropic modulated structure with the characte
tic length scale 1.8mm and is almost unchanged with irra
diation time. However, these structures suddenly grow w
the exciting light was turned off at 150 min of irradiation
The time evolution of the phase separation in the dark
lows the Lifshitz-Slyozov-Wagner~LSW! power law33,34

j(t)}ta with a approximately equal to1
3. Taking into ac-

count that the molar extinction coefficients~e! of the two
isomerscis- andtrans-stilbenes are almost unchanged at 3
nm, the kinetic data shown in Fig. 11 clearly indicate that
soft modes in the irradiated mixture were suppressed by
reversible isomerization of stilbene. On the other hand, u
irradiation with 313 nm uv light, the excitation conditio
where the trans→cis isomerization is predominan
(e trans /ecis'4.3), the phase separation exhibits a univer
behavior under the light intensity in the range 0.1–4
mW/cm2. It was found thatj is almost unchanged with irra
diation time in the early stage and then increases with i
diation time, following the LSW power law witha5 1

3.
Eventually, j approaches a stationary value. It is theore
cally predicted that the phase separation of a binary m

FIG. 11. Experimental evidence for the soft-mode suppression in a P
PVME ~50/50! blend irradiated with 365 nm uv light at 105 °C.
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ture accompanied by a reversible reaction mathematic
corresponds to the microphase separation of dibl
copolymers4 where the ratio of the reaction rate~k! to the
mobility ~M! of the former is mathematically equivalent
the inverse block-length ratio in the latter case. Therefo
predicts that by modifying the ratiok/M , a series of ordered
structures such as hexagon, cylinder, lamellae and so
could be obtained, in principle, with reacting polymer mi
tures. To examine this mathematical prediction, the ab
experiments were carried out with the irradiation intens
varying from 0.1 to 4.1 mW/cm2. The average reaction rat
k0 obtained by fitting the kinetic data to the KWW equatio
~16! varies from 0.4531022 to 0.167 min21. It was also
found that, except for the case of the highest intensity
mW/cm2, the morphology of the PSS/PVME~20/80! blend is
isotropic. As shown in Fig. 12~a!, the lamellar structure wa
obtained after 60 min of irradiation with 313 nm uv light~4.1
mW/cm2!. The anisotropy of the morphology of the irrad
ated blend becomes significant with increasing irradiat
time. However, by annealing the blend over 30 min at
experimental temperature after each period of irradiation,
morphology becomes almost isotropic as seen in Fig. 12~b!.
From the inhomogeneous reaction kinetics and
irradiation-annealing experiments described above, it can
conluded that the lamellar structures emerging in the P
PVME ~20/80! blend are originated from the couplings b
tween the concentration fluctuations and the elastic st
associated with the reaction inhomogeneity, rather than f
the mathematical equivalence with the microphase sep
tion of block copolymers.

FIG. 12. Effects of annealing time on the morphology of a PSS/PV
~20/80! blend irradiated with 313 nm uv light~4.1 mW/cm2! at 90 °C:~a!
without annealing;~b! with 30 min of annealing after each time of irradia
tion. The number below the micrograph indicates the duration of irradiat
ly
k
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D. Remarks on the correlations between experimental
data and current theoretical models for reaction-
induced phase separation

From the viewpoint of theoretical modeling, as far
chemical reactions in the bulk state of polymers are c
cerned, the inhomogeneity of the reactions and the ela
stress associated with these structural changes shoul
taken into account. The approach using the time-depen
Ginzburg-Landau~TDGL! equation accompanied by a re
versible reaction term16,26 is suggestive and interesting be
cause of the analogy with the microphase separation
diblock copolymers. The theoretical approach using the g
eral concept of thermodynamics for reaction-diffusion s
tems suggests the existence of novel and important phen
ena for chemically reacting mixtures: the Turing-like and t
purely chemical instabilities.20 However, these two theorie
are limited to systems of small molecules because the eff
of elasticity, a long-range interaction, are not considered
an attempt to explain the anisotropic morphology emerg
from phase separation of binary metallic alloys, Onuki a
Nishimori have taken into account the contribution of t
elastic misfit between the two components to the kinetics
the spinodal decomposition.35 On the other hand, the vis
coelastic model of polymers based on the memories buil
by the cross-linking reactions22 relies mainly on the mean
field kinetics. Though the viscoelasticity, a characteristic f
ture of polymers, was included in the model, the mean-fi
assumption for the reaction kinetics is not supported, in g
eral, by the photo-cross-linking experiments. Particularly,
emergence of a positive feedback driven by reaction-indu
fluctuations28 was neglected in this viscoelastic model. The
is also another important feature associated with the reac
inhomogeneity in polymer mixtures: the existence of t
front of phase separation propagating from the position in
reacting mixture where the instability first takes place. T
aspect has been analyzed recently by Furukawa who use
delta function as the initial condition for the order parame
in the Cahn-Hilliard equation.36 The simulation reproduce
the concentric~target! patterns observed by experiments.37

In order to completely understand the pattern format
process arising from the phase separation of chemically
acting polymer mixtures, it is currently necessary to build
theoretical model taking into account the mutual couplin
among the reaction kinetics, thermodynamics and the
coelasticity of the system.

V. CONCLUDING REMARKS AND PERSPECTIVES

~1! From the experimental results described above, it is
vious that unlike the nonreactive polymer mixtures, t
phase separation in the presence of chemical reacti
particularly with reversible reactions, is unique. Th
process can lead to the formation of stationary structu
with intrinsic length scales determined by the compe
tion between antagonistic interactions: phase separa
and reactions. These structures are known as modul
phases and have been observed over a wide rang
materials.38,39 Thus, the photodimerization and the ph
toisomerization shown here can be utilized as a ‘‘wav

.
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length selector’’ for the unstable modes developing
the polymer mixtures under irradiation. On the oth
hand, the regularity of the morphology can be genera
and controled by breaking the spatial symmetry of
order parameter.

~2! Since most chemical reactions proceed inhomogeneo
in the bulk state of polymers,40 the structural change
induced by chemical reactions in polymers are often
companied by a gradient of elastic modulus. The succ
sive couplings between the reaction and the elastic st
associated with these gradients can lead to a symm
breaking of concentration fluctuations at the local sc
whereby the spatial coherence emerges. By taking
vantage of this unique property of polymeric materia
polymer blends with lamellar structures were obtain
by cross-link with linearly polarized light.41

~3! From the viewpoint of materials science, understand
the mode-selection and the spatial symmetry-break
process induced by chemical reactions in binary polym
mixtures could provide useful and novel approaches
morphology control, a long-standing interest in materi
science. With the matured knowledge acquired from
field of nonlinear dynamics, polymers with novel stru
tures and functions could be designed and develope
the next decade.
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