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ABSTRACT: Poly(cross-styrene)-inter-poly(cross-methyl methacrylate) interpenetrating polymer networks (IPNs)
were prepared by simultaneously photo-cross-linking an anthracene-labeled polystyrene and photopolymerization
of methyl methacrylate (MMA) monomer in the presence of ethylene glycol dimethacrylate (EGDMA) used as
a cross-linker. The cross-linking reaction of these two polymer components is mutually independent and is drivable
by irradiation with 365 nm UV light. The photopolymerization of MMA monomer exhibits an autocatalytic
behavior due to the heat of polymerization and was analyzed by using a nonlinear kinetic model. As the reaction
yield exceeds a certain threshold, the mixture undergoes phase separation. The time-evolution of the PMMA
domains observed under a laser scanning confocal microscope follows a power law with an exponent approximately
equal to unity. The domain growth was spontaneously frozen by the reactions and was terminated in a stationary
bicontinuous structure whose characteristic length scales vary linearly with the kinetic parameters of the autocatalytic
reaction. A general relationship for the kinetics of phase separation induced by this autocatalytic reaction was
found over a large range of cross-linker concentration. Finally, the roles of the reaction autocatalysis in phase
separation of polymer mixtures are discussed and compared to other cases of reaction-induced phase separation.

I. Introduction

Reaction-induced phase separation plays an important role
in polymer materials science and engineering. From the practical
viewpoints, this phenomenon is encountered in the fabrication
of micro-optics systems such as microlens arrays using photo-
polymerizable acrylate or methacrylate derivatives.1 Properties
such as optical qualities of the products obtained by this
fabrication method may be severely limited if phase separation
occurs during the polymerization process. Therefore, information
on photopolymerization-induced phase separation would provide
an efficient way to control the optical properties of these
materials. Fundamentally, reaction-induced phase separation
belongs to a class of critical phenomena driven by the competi-
tion between reactions and phase separation through which the
final morphology of the reacting mixture is determined.2 This
competition process is particularly of interest because it would
provide a useful guide line to control the morphology of
multiphase polymeric materials. Furthermore, the competition
also renders important information on the selection process of
critical fluctuations driven by antagonistic interactions.3 In the
past decade, phase separation phenomena induced by various
types of chemical reactions have been theoretically and experi-
mentally investigated for binary mixtures of small molecules
and polymers. Cross-linking is the most widely utilized reaction
in the thermal curing process of epoxy resins where phase
separation occurs as soon as the networks fraction reaches a
threshold inside the reacting mixture.4 Phase separation induced
by thermally activated reactions and polymerization was also
studied.5-7 Alternatively, coupling trans-esterification reaction
to the phase separation between two polymers has also been
performed in an attempt to control the morphology of multi-
component polymers.8,9 On the other hand, to decouple the
effects of heat required to activate chemical reactions from the
thermodynamics of the blends, photodimerization has been

efficiently utilized to control morphology of polymer blends.10

Photoisomerization has been also demonstrated as a tool to
control the mode-selection process in reaction-induced phase
separation of polymer blends.11 These experimental results
verified in part the theoretical predictions of reaction-diffusion
theories proposed for the roles of chemical reactions acting as
a selector for critical fluctuations.12 In particular, for reversible
reactions, it was theoretically predicted that periodic structures
with long wavelengths can be suppressed by the reaction,
consequently leading to periodic structures similar to the
morphology emerging from microphase separation of block
copolymers.13-18 These experimental results and theoretical
predictions share a common view that chemical reaction plays
an important role in selecting the final wavelengths of morphol-
ogy for reacting polymer blends.

In polymer synthesis, it has been known for a long time that
certain monomers such as methacrylate and acrylate derivatives,
exhibit the autocatalytic behavior during the polymerization
process. This significant behavior originates from the positive
feedback driven by the successive couplings between the heat
generated by the polymerization and the reaction of monomers
in the surrounding initiated by this heat.19 Though a large
number of studies on the kinetics of autocatalytic reactions have
been carried out, particularly with epoxy resins, in the past few
decades,20-23 the influence of the reaction autocatalysis on the
phase separation induced by polymerization has not yet been
intensively exploited. Many years ago, the critical phenomena
associated with an autocatalytic reaction in small molecule
mixtures were theoretically investigated for the first time by
Huberman,24 who showed that autocatalysis, as a nonlinear
effect, can lead to the formation and selection of periodic
patterns in chemical systems. On the other hand, an autocatalytic
feedback on a photochemical reaction driven by critical fluctua-
tions has been reported for a polymer blend upon irradiation.25

Most recently, the effects of reaction autocatalysis on the kinetics
of phase separation induced by a gradient of light intensity were* To whom correspondence should be addressed. E-mail: qui@kit.ac.jp.
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examined by using laser scanning confocal microscope (LSCM)
for a mixture of polystyrene and methyl methacrylate.26

In this paper, we investigated phase separation phenomena
in full-interpenetrating polymer networks (full-IPNs) prepared
from a homogeneous mixture of polystyrene and methyl
methacrylate (MMA) monomer. First, the polymerization kinet-
ics of the MMA component in the mixture was examined for
five cross-linker concentrations. Subsequently, the kinetics of
phase separation was monitored in situ under a laser scanning
confocal microscope (LSCM) and the resulting morphology was
analyzed by using digital image analysis techniques. From these
kinetic parameters, the correlations between the autocatalytic
reaction and the phase separation were investigated for these
five cross-linker concentrations. The roles of the reaction
autocatalysis in phase separation are finally discussed in
conjunction with the resulting morphology of these IPNs.

II. Experimental Section

1. Samples.Samples used in this study are the mixtures of
photocross-linkable polystyrene and methyl methacrylate monomer
(MMA). Polystyrene doubly labeled with the photoreactive group
anthracene and the marker fluorescein (PSAF;Mw ) 310 000;Mw/
Mn ) 2.2) was dissolved in MMA monomer (distilled in vacuo
after removing inhibitor) and the homogeneous mixture was used
as a starting material. Upon irradiation with 365 nm, anthracene
moieties labeled on the PSAF chains undergo photodimerization,
generating the PSAF networks. Under this irradiation condition,
polymerization of MMA was initiated by Lucirin TPO, and the
cross-linking reaction between PMMA chains was simultaneously
induced in the presence of ethylene glycol dimethacrylate (EGD-
MA) which acts as a cross-linker for the PMMA component. The
synthesis of this IPN is schematically described in Figure 1. To
examine the effects of the cross-linker on the phase separation
kinetics and the resulting morphology, the concentration of EGDMA
was varied in the range 2-10 wt % with respect to the total weight
of MMA monomer. Concentration of the photoinitiator Lucirin TPO
was maintained at 2 wt % with respect to the MMA monomer
throughout the experiments. Further details of the chemical synthesis
and the characteristics of the samples used in this study were
described in the previous studies.26,27

2. Irradiation Experiments and Observation of Morphology.
Homogeneous mixtures of PSAF and MMA were irradiated under
a laser scanning confocal microscope (Pascal LSM5, inverted type,
Carl Zeiss). A mixture with a given composition was kept in a
heating block with an insulating holder installed on the stage of
the confocal microscope. The temperature of the mixture was
thermostated at 30°C with a precision of(0.5 °C. Irradiation was
performed through an optical fiber which allows UV light from a
high-pressure Hg-Xe lamp (350 W, Moritex Inc., Japan) to enter
perpendicularly to the sample from the top. Morphological observa-
tion was carried out in situ at 30°C throughout this study. Irradiation
intensity of the UV light at 365 nm was kept atI ) 0.01 mW/cm2

for all the experiments to avoid the effects of the light gradient

along the direction of illumination. It is worth noting that for higher
intensity (above 0.03 mW/cm2) the effects of the intensity gradient
in the blend become significant, resulting in graded morphology
as reported previously.26 Measurements were performed with an
Ar+ ion laser (488 nm, 0.2 W). The morphology resulting from
photopolymerization and photocross-link was observed with an
objective lens (×40, N.A.) 0.75) and by an oil-immersed objective
(×63, N.A. ) 1.4) for low and high magnifications, respectively.
The fluorescence images were taken with the dimensions (512 pixels
× 512 pixels) and a resolution of 0.7µm along theZ-direction.
The procedure for the in situ monitoring of the time-evolution
process of phase separation was described in details elsewhere.26-27

3. Morphology Analysis. For morphological analysis, the
softwares ImageHyper II (Digimo Inc., Japan) and Image Visart
(v.2.08, Carl Zeiss) were used respectively to analyze the particle
size distribution in the 2-D images and to construct the 3-D data.
The characteristic length scales of the morphology were calculated
by digital image analysis. The diameters of a large number of
spherical domains (between 500 and 1000) were calculated and
their distribution was fitted to the following Gaussian function as
described previously.27

Here,N(D) is the number of spherical domains with the diameter
D. Dh , the average diameter of these domains, can be obtained from
the peak of this distribution function.A andσ2 are respectively the
proportional constant and the dispersion of these domain diameters.
The details will be shown in the Results and Discussion below.

4. Monitoring the Reaction Kinetics. The polymerization of
MMA was monitored by following the decrease in the absorption
of the CdC stretching mode (1640 cm-1) of the MMA monomer
by FT-IR (Perkin-Elmer, model Spectrum GX) with the resolution
4 cm-1. The absorption of the CdO bonds at 1720 cm-1 was used
as an internal reference because it does not involve in the reaction.
The kinetics of the polymerization of MMA was evaluated using
the reaction yieldΦ defined as

Figure 1. Schematic presentation for the chemical synthesis of the
poly(cross-styrene)-inter-poly(cross-methyl methacrylate) IPNs used
in this work.

Figure 2. Kinetics of the photopolymerization of MMA monomer in
a PSAF/MMA (5/95) mixture measured by FT-IR at 30°C for various
concentrations of EGDMA: (a) 2 wt %; (b) 4 wt %; (c) 6 wt %; (d) 8
wt %; (e) 10 wt %.

N(D) ) A exp[-(D - Dh )2/σ2] (1)

Φ (%) ) (1 -

(ACdC)t

(ACdO)t

(ACdC)t)0

(ACdO)t)0

) × 100 (2)
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whereA represents the absorbance of the corresponding vibrational
modes obtained from the FT-IR spectra. The reaction kinetic data
were analyzed by using the software Igor Pro (Wave Metrics Inc.)
on a laptop computer (La Vie G, Intel Pentium Processor 1.0 GHz,
NEC). The details of the reaction kinetics studies on photocross-
linked blends using FT-IR were published elsewhere.28

5. Determination of the Onset of Phase Separation.The
fluorescence images (512 pixels× 512 pixels) of the mixture were
detected with an 8-bit (gray scale) detector and were integrated to
yield the total fluorescence intensity of each image observed at a
givenZ-coordinate. The onset of the phase separation of the mixture
under irradiation with UV light was determined from the sudden
decrease in the total fluorescence intensity caused by scattering at
the phase domains formed upon irradiation. The intersection

between the two straight lines expressing the fluorescence intensity
of the sample before and after this sudden change determines the
cloud point of the sample.

III. Results and Discussion

1. Polymerization Kinetics of Methyl Methacrylate Mono-
mer in the Mixture. Upon irradiation with 365 nm UV light,
MMA monomer undergoes photopolymerization and photo-
cross-link in the presence of Lucirin TPO and EGDMA. During
this process, the absorbance of the CdC double bonds in MMA
monomer gradually decreases with irradiation time and was in
situ monitored by using FT-IR spectroscopy. The kinetic data
obtained for five concentrations of the cross-linker EGDMA
are illustrated in Figure 2 where the reaction yieldΦ defined
in eq 2 was plotted vs irradiation time (tirr) for the mixtures
containing 2, 4, 6, 8, and 10 wt % of EGDMA. The time-

Figure 3. Irradiation-time dependence of the average reaction rate of
MMA in a PSAF/MMA (5/95) mixture measured at 30°C for various
concentrations of EGDMA.

Figure 4. Dependence of the characteristic timeτ on the cross-linker
concentration observed for the autocatalytic reaction of MMA in a
PSAF/MMA (5/95) mixture at 30°C. The dotted line is the guide for
the eyes.

Figure 5. Determination of the onset of phase separation by using the
total fluorescence intensity monitored at 30°C for a PSAF/MMA (5/
95) mixture containing 4 wt % of EGDMA.

Figure 6. Dependence of the onset timeto of phase separation on the
cross-linker concentration observed for a PSAF/MMA (5/95) at 30°C.
The dotted line is a guide for the eyes.
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evolution of the reaction varies with the cross-linker concentra-
tion and exhibits two significant features. First, the reaction yield
quickly increases with irradiation time after passing an inflection
point and then approaches a limiting value of ca. 80%. The
sigmoidal dependence of the reaction yieldΦ on irradiation
time tirr was observed for all the concentrations of EGDMA.
These results indicate that the polymerization of the MMA
component proceeds with an autocatalytic fashion in the
irradiated mixtures.19 The inflection point on the reaction yield
curve corresponds to the irradiation time at which the average
rate of the polymerization reaches its maximum. To quantify
this autocatalytic behavior, the kinetic data obtained with these
five concentrations of EGDMA were fitted to the following
empirical equation by using nonlinear least-squares with regres-
sion:23

Here,Φ andΦf are, respectively, the reaction yield obtained at
a given irradiation timetirr and the final yield of the reaction.
On the other hand,τ is the characteristic irradiation time
corresponding to the inflection point on theΦ (%) vs tirr curve
and can be calculated from the relation (∂2Φ/∂tirr2) ) 0.

To gain some insights into the reaction kinetics, the solid
curves obtained by fitting the experimental data to eq 3 were
differentiated with respect to irradiation time. It is worth noting
that, to increase the precision of the calculation, the data obtained
by the curve fitting were used for this differentiation instead
of the discrete data points obtained by experiments. The
results are illustrated in Figure 3 where the average reaction

rate defined by (dΦ/dtirr) was plotted vs the irradiation timetirr
for different cross-linker concentrations. As expected, the
position of the peak corresponding to the characteristic timeτ
at which the reaction rate reaches its maximum, shifts toward
the shorter irradiation time as the cross-linker concentration
increases. Furthermore, the height of these peaks gradually
increases with increasing concentration of the cross-linker
EGDMA. This autocatalytic behavior is illustrated in Figure 4,
whereτ, the irradiation time required for the mean reaction rate
(dΦ/dtirr) to reach its maximum, is plotted vs the cross-linker
concentration.

Obviously, τ decreases as the concentration of EGDMA
increases. This typical behavior is known as the Trommsdorff-
Norrish effect in the kinetics of free radical polymerization
where an increase in viscosity induced by the polymerization
limits the rate of termination and consequently enhances the
rate of polymerization.19-a Since polymerization releases heat,
this additional factor further induces polymerization and com-
plicates the kinetics.19b,c This result also reveals that the
characteristic timeτ tends to approach a limit at a high
concentration of EGDMA. The quick increase in viscosity of
the reacting solution with increasing the concentration of
EDGMA would be responsible for this behavior.

On the other hand, the cross-linking kinetics of the PSAF
was monitored through the change in the absorbance of
anthracene with irradiation time using UV-visible spectroscopy.
It was found that the dimerization of anthracene does not exhibit
the autocatalytic behavior and the absorption of anthracene
monotonically decreases with irradiation time as reported
previously for other binary blends.29 However, since the
absorption spectra of anthracene partially overlap with those

Figure 7. Time-evolution of the morphology obtained for a PSAF/MMA (5/95) mixture containing 4 wt % of EGDMA irradiated at 30°C. The
number in each image indicates irradiation time. The PMMA-rich phase appears as black domains in the morphology.

Φ ) Φf -
Φf

1 + exp[(tirr - τ)/δtirr]
(3)
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of the photoinitiator Lucirin TPO, we were not able to arrive at
a quantitative conclusion for the photocross-link kinetics of the
PSA component.

2. Determination of the Irradiation Time Corresponding
to the Onset of Phase Separation.As irradiation time increases,
the fractions of PMMA and PSAF networks in the mixture
increase. Phase separation occurs as soon as the yields of these
components exceed a certain critical value. Since phase separa-
tion proceeds very fast in the reacting solution, the spinodal
decomposition process was hardly observed under the current
experimental conditions. The quantitative observation of the
phase separation becomes possible under a LSCM when the
viscosity of the mixture is high enough. At this stage, the
reacting mixture entered the nucleation-and-growth process,
allowing the in situ observation of the phase separation. For
reaction-induced phase separation, there exists, in general, an
induction periodto, which is the time duration necessary for
the reaction yieldΦ to reach the critical threshold. To precisely
analyze the phase separation kinetics, this characteristic timeto
must be determined. As described in section II-5, under a given
experimental condition, the characteristic timeto can be
determined by in situ measuring the change in the integrated
fluorescence intensity of the reacting mixture. As illustrated in
Figure 5, the fluorescence intensity observed from a PSAF/
MMA (5/95)mixture containing 4 wt % of the EGDMA cross-
linker quickly drops after 600 min of irradiation using 365 nm
UV light under a LSCM. The characteristic time corresponding
to this transition of the fluorescence intensity is defined asto.
The sudden decrease in the fluorescence intensity implies that
the phase boundary of the mixture reaches the experimental
temperature (30°C) after 600 s of irradiation and therefore this
change corresponds to the cloud point of the mixture. As
expected, the induction timeto decreases with increasing the
cross-linker concentration, indicating that phase separation took
place earlier in the mixtures with higher concentrations of cross-
linker. The dependence of the characteristic timeto on the
EGDMA concentration is given in Figure 6, where the correla-
tion between the timeto for the onset of phase separation and
the characteristic timeτ of the reaction is illustrated in the inset.
It was found thatto strongly depends on the characteristic time
τ of the autocatalytic reaction. This onset is delayed when the
characteristic timeτ becomes longer.

3. Observation and Morphology Imaging of Phase Sepa-
ration in PSAF/MMA Mixtures. Since phase separation
proceeds very fast in the mixture solution, only the nucleation-
and-growth process was directly observed under the experi-
mental conditions used in this study. Nevertheless, by using
the histogram method proposed by Tanaka et al.,30 it can be
concluded that the droplet morphology shown below developed
via the spinodal decomposition process. An example for such
a nucleation-and-growth process is provided in Figures 7 for a
PSAF/MMA (5/95) mixture containing 4 wt % of EGDMA.
Initially, small nuclei with the diameter ca. 3µm clearly appear
in the irradiated mixture after 660 s of irradiation. This particular
irradiation time scale is in good agreement with the cloud point
data determined independently from the change in the integrated
fluorescence intensity illustrated in Figure 5. As irradiation time
increases, these nuclei develop into larger spherical domains
and eventually attain a stationary morphology at 60 min of
irradiation. Since these spherical (dark) domains are not
fluorescent under excitation with 488 nm visible light, they are
PMMA-rich dispersed phases. These domains are in contrast
with the fluorescent (bright green) matrix containing PSAF as
a main component. To examine the effects of cross-linker

concentration on the morphology, irradiation experiments were
carried out using mixtures with five different concentrations of
EGDMA ranging from 2 to 10 wt %. It was found that these
PMMA-rich domains continue growing under irradiation until
the mixture reaches a stationary state caused by cross-link-
induced solidification. The morphologies at the stationary state
of phase separation observed in theX-Y plan located in the
middle of the mixture are shown, as an example, in Figure 8
for three different concentrations 2, 6, and 10% of EGDMA. It
was found that under the same condition, the average diameter
Dh of these domains decreases with increasing concentration of
EGDMA, indicating the significant suppression effects of cross-
linking on the time-evolution of phase separation. Furthermore,
the effect of spatial constraint arising from the finite sample
thickness on the growth of the PMMA-rich domains can be
clearly seen in theX-Z andY-Z plans of the mixture containing

Figure 8. 3-D stationary morphology of a PSAF/MMA (5/95) mixture
containing different concentrations of cross-linker observed after 60
min of irradiation at 30°C: (a) 2 wt %; (b) 6 wt %; (c) 10 wt %.
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2 wt % of EGDMA (Figure 8a). For all the cross-linker
concentrations, the resulting morphology is spatially continuous
as revealed by the 3-D image depicted in Figure 9. The 3-D
structures were constructed from the 2-D data taken at different
depths in the sample and were displayed under two different
view angles. Here, the PSAF-rich (bright green) domains shown
in Figure 9a form a continuous matrix covering the PMMA-
rich spherical (transparent) domains. By inversing the contrast,
it was found that these PMMA-rich spherical domains are also
interconnected via narrow channels, forming a continuous phase
of PMMA spreading through the entire IPN as illustrated in
Figure 9b. The interconnecting PMMA-rich domains were
probably generated by the nucleation-and-growth process fol-
lowed by the combination of small nuclei with the larger ones
upon coarsening due to the Ostwald ripening mechanism.31

Subsequently, these PMMA-rich spheres develop into larger
spherical domains. The number of PMMA-rich spherical
domains increases with time and at the same time, the fraction
of the networks also increases in these spherical domains. As
the density of cross-link attains a critical value, these spherical
domains can no longer be combined and start repulsing each
other upon approaching. The interdiffusion of polymer chains
from one droplet to another is therefore prevented by the
presence of the networks, except some local areas on the surface.
This conclusion is supported by the 3D morphology shown in
Figure 9b where there clearly exist several “bridges” connecting
different spherical domains. These interconnecting spherical
domains were observed and reported previously.27 These
experimental results partially reflect the so-called viscoelastic
effects in phase separation of polymer blends.32

It was also found from the 3-D observation that for 2 wt %
of cross-linker, the diameter of the PMMA-rich domains reaches
the scale comparable to the sample thickness during the phase
separation process. Subsequently, these spherical PMMA-rich
domains are laterally deformed into ellipsoids due to the
constraint imposed by the sample thickness along the Z-direction
as evidenced by Figure 8a. Eventually, these oblate domains
stop growing due to the cross-link effects. The effects of this
constraint on the domains growth are described below in the
phase separation kinetics section.

4. Analysis of Phase Separation Kinetics Driven by an
Autocatalytic Reaction. The time-evolution of the phase
separation process was in situ monitored at 30oC under an
LCSM and analyzed for five concentrations 2, 4, 6, 8, and 10
wt % of the cross-linker EGDMA. To examine the phase
separation kinetics, the irradiation timeto corresponding to the
onset of phase separation was measured using the procedure
described in section II-5. Instead of the irradiation timetirr, the
time from the onset of phase separation (tirr - to) was used for
the analysis of the phase separation kinetics. In Figure 10, the
average diameterDh of the PMMA-rich domains obtained by
image analysis is plotted vs the time of phase separation (tirr -
to). It was found that phase separation kinetics obtained for five
concentrations of EGDMA shares a common behavior. In the
early stage of irradiation, the scale of the PMMA-rich spherical
domains quickly increases and subsequently approaches a
stationary state which is independent from irradiation time.
During this stage, the average diameterDh of these PMMA-rich
domains approximately follows the power lawDh ∼ (tirr - to)a

with the exponentR approximately equal to unity. This value

Figure 9. 3-D morphology of a PSAF/MMA (5/95) mixture obtained after 60 min of irradiation at 30°C: (a) PSAF-rich continuous domains; (b)
PMMA-rich continuous domain obtained by contrast inversion of part a. The concentration of the cross-linker EGDMA is 8 wt %.
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is very close to Siggia’s prediction for the effects of hydrody-
namics on the phase separation kinetics.33 Taking into account
that, in general, the mixture is not at the critical composition
and particularly the temperature of the mixture increases during
irradiation,34 we conclude that the exponentR ) 1 obtained in
Figure 10 is probably caused by the increase in temperature
accompanying with the photopolymerization, rather than by the
hydrodynamic effects. Furthermore, the scale of these spherical
domains gradually approached the stationary length scaleDst
at a specific irradiation timetst and eventually became unchanged
with irradiation time. Both the stationary diameterDst of the
domains and the characteristic time scaletst depend strongly
on the cross-link density. Shown in Figure 11a is the dependence
of tst on the concentration of EGDMA. It was found that the
irradiation timetst required for the reacting mixture to reach
the stationary state of phase separation decreases as the
concentration of EGDMA increases and also becomes less
sensitive in the range of high concentrations of EGDMA. This
behavior can be explained by the increase in viscosity of the
mixture upon increasing the EGDMA concentration. For the
similar reason, the length scaleDst at the stationary state of
phase separation also decreases with increasing the EGDMA
concentration in the mixture as shown in Figure 11b. These
results indicate that the time-evolution of these PMMA-rich
domains was suppressed by the cross-linker as expected.
Furthermore, as seen in Figure 11b, the stationary length scale
Dst of the spherical PMMA-rich domains decreases and tends
to approach a limiting value at high concentrations of EGDMA.
By combining the data obtained in Figure 11, parts a and b, we
can conclude that the phase separation process of the PSAF/
MMA mixture can be sustained at an arbitrary stage by UV
irradiation, giving polymers with various characteristic length
scales.

As shown in Figure 10, the time-evolution of phase separation
follows a similar fashion for various concentrations of cross-
linker, suggesting the existence of a general behavior of phase
separation induced by photopolymerization and photocross-link.
To confirm this kinetic behavior, the normalized characteristic

length scaleDh /Dst whereDst is the stationary value ofDh , was
calculated and plotted vs the normalized phase separation time
(tirr - to)/(tst - to). Both (tirr - to) and (tst - to) are the irradiation
time counted fromto, the time required for the onset of phase
separation. As illustrated in Figure 12, the kinetic data of phase
separation obtained for all the cross-linker concentrations can
be expressed by a single curve, except for the case of 2 wt %
that deviates from this general behavior. It is worth noting that
for a low concentration of EGDMA, the development of the
PMMA-rich domains is less suppressed by the cross-link
reaction and as a result their characteristic length scales can
evolve and exceed the sample thickness as seen in Figure 8a.
Under this particular condition, the time-evolution of the
PMMA-rich domains is restricted along the direction of
the sample thickness and therefore deviates from the general

Figure 10. Irradiation-time dependence of the average diameter of
the PMMA-rich domains observed at 30°C for five PSAF/MMA (5/
95) mixtures containing different concentrations of EGDMA.

Figure 11. (a) Dependence of the characteristic timetst on the cross-
linker concentration obtained for a PSAF/MMA (5/95) mixtures at 30
°C. (b) Dependence of the averaged diameter of the PMMA-rich
domains on the cross-linker concentration observed at 30°C. The dotted
line is a guide for the eyes.
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relation betweenDh /Dst vs (tirr - to)/(tst - to) compared to
other cases. For higher cross-linker concentrations (4-10 wt
%), all the data can be expressed by a single curve as depicted
in Figure 12, revealing a general relation for the kinetics of
phase separation.

On the other hand, under the experimental conditions
described here, the PMMA-rich spherical domains are not
monodisperse, but instead exhibit a distribution in diameter. This
distribution can be calculated from the morphology taken at
different irradiation time using digital image analysis as
described in section II-3. As an example, the diameter distribu-
tion of these PMMA-rich spherical domains at the stationary
state of phase separation observed after 60 min of irradiation
was displayed in Figures 13 for five concentrations 2, 4, 6, 8,
and 10 wt % of the cross-linker EGDMA. All the diameter
distribution can be well fitted to the Gaussian function given
in eq 1 of section II-3. From the curve fitting, the diameter
distribution of these PMMA-rich domains can be calculated
from the half-width at half-maximum (hwhm)Γ, which is related
to the standard deviation of the Gaussian distribution viaΓ )
(σ xln2/Dh ). To examine the effects of cross-linker concentra-
tion on the distribution of these spherical domains, the number
N of the domains with the diameterD was normalized to the
numberNDh of domains with the average diameterDh obtained
from the Gaussian distribution. This normalized distribution
N/NDh was then plotted vs the normalized length scaleD/Dh in
the reduced plot shown in Figure 14. Except for the case of
2 wt % indicated by the dotted line where the characteristic
length scales of the morphology was suppressed by the
sample thickness along theZ-direction, all the data fall on a
single Gaussian curve, indicating that the morphology of the
PSAF/MMA mixtures follows a general behavior as described
by eq 1.

5. Correlation between Phase Separation Kinetics and
Autocatalytic Reaction. For a common diffusion-controlled
reaction such as cross-link in polymeric systems, the reaction
rate is not a constant but usually decreases with time as the
reaction proceeds because of the increase in viscosity of the

medium. In contrary, for an autocatalytic reaction, the reaction
rate increases with time due to the positive feedback kinetics,
until it reaches a maximum at a specific timeτ and subsequently
decreases as the reaction proceeds further as illustrated in Figure
3. Therefore, it is expected that the kinetics of phase separation
driven by an autocatalytic reaction would be different from the
normal case. As shown in this study, this feature is the existence
of the characteristic time scaleτ in the reaction kinetics and
the specific timetst in the phase separation process. For a given
light intensity, phase separation kinetics is determined by this
characteristic timeτ. Shown in Figure 15 is the correlation
between the specific timeτ of the reaction and the characteristic
time tst of the phase separation. Asτ increases, the characteristic
time tst increases, revealing the role of the reaction in suppression
of phase separation. Furthermore, the average diameterDh st of
the PMMA-rich droplets observed at the stationary state of phase
separation increases with increasing the characteristic timeτ as
shown in Figure 16. Several authors have theoretically proposed
the correlation between the reaction rate and the stationary
characteristic length scales of the morphology obtained for
phase separation induced by a mean-field reaction with a
constant ratek. According to these predictions, the stationary
characteristic length scaleê∞ of the morphology would be
scaled as (1/k)â where the exponentâ is either 1/3 or 1/4 for
phase separation under the strong or weak segregation condi-
tions, respectively.36,37 Phase separation induced by photoi-
somerization of stilbene-labeled polystyrene/poly(vinyl methyl
ether) blends was previously examined, and it was found that
ê∞ varies with the reaction rate in an opposite way with the
exponentâ approximately equal to 0.2 prior to the freezing of
phase separation.11a For phase separation driven by an auto-
catalytic reaction, it was experimentally found that this scaling
prediction does not hold. When the stationary length scaleDst
of the PMMA-rich domains was plotted vs 1/(dφ/dtirr) (corre-
sponding to the inverse of the average reaction ratekh) on the
double logarithmic scale,Dst increases with 1/kh by a power of
â ) 2.6, which is much larger than the value predicted by
reaction-diffusion theories. This result reflects the significance
of the reaction autocatalysis in the acceleration of phase
separation.

An additional feature of phase separation induced by auto-
catalytic reaction can be observed in the two comparative
experiments using a PSAF/MMA (5/95) mixture containing 4
wt % of EGDMA. In one experiment, phase separation was
continuously induced by irradiation with UV light. In the other,
phase separation was first induced by UV light and subsequently
the UV light source was turned off after the mixture entered
the unstable region of the mixture. As predicted by the Lifshitz-
Slyosov-Wagner theories,38,39 the growth exponentR ap-
proximately equal to1/3 was found for the phase separation in
the dark after turning off the UV irradiation. This result is in
contrast with the phase-separation kinetic data obtained by
continuous UV irradiation shown in Figure 10 where the growth
exponentR is approximately equal to unity. These results
indicate that in the presence of UV light, the polymerization
of MMA monomer is continuously promoted with additional
heat of polymerization as a source of autocatalysis. It is
worth noting that under the temperature conditions of this study,
polymerization is almost negligible without UV light. Therefore,
the heat generated by photopolymerization is a driven force for
the acceleration of phase separation. As a consequence, the time-
evolution of the PMMA-rich domains follows the Lifshitz-
Slyosov-Wagner law for coarsening after stopping irradiation.
More elaborous experiments to clarify the role of the heat

Figure 12. Reduced plot for the phase separation kinetics of a PSAF/
MMA (5/95) mixture obtained at 30°C for five different cross-linker
concentrations.
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involving with the polymerization are under investigation
using various light intensities, and the results will be reported
later.

IV. Conclusions

We have reported the kinetics and the morphology observed
during the phase separation process of an interpenetrating
polymer network composed of a photocross-linkable polystyrene
(PSAF) and methyl methacrylate (MMA) monomer. The fol-
lowing results were obtained for the coupling between the
autocatalytic reaction of MMA and the phase separation of the
interpenetrating polymer networks:

(1) The kinetics of photopolymerization and photo-cross-link
of MMA in the presence of PSAF was monitored by FT-IR

spectroscopy. It was found that the polymerization kinetics
exhibits an autocatalytic behavior. This autocatalytic feed-
back originates from the heat generated by the photopolymer-
ization of MMA. These results were analyzed by using a kinetic
model of autocatalytic reaction, revealing the significant de-
pendence of the reaction rate on the concentration of cross-
linker.

(2) The phase separation induced by this autocatalytic reaction
exhibits two-step kinetics. For the early stage of irradiation, the
phase separation kinetics can be expressed by a power law with
the exponent close to unity. At the later stage of irradiation,
the phase separation was frozen by the cross-link reaction. The
phase separation kinetics shows a general dependence on
irradiation time under the experimental conditions, except for

Figure 13. Distribution of the diameter of the PMMA-rich domains observed at the stationary state of a PSAF/MMA (5/95) mixture after 60 min
of irradiation at 30°C for five concentrations of EGDMA: (a) 2 wt %; (b) 4 wt %; (c) 6 wt %; (d) 8 wt % and (e) 10 wt %.
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the case of spatial constraint imposed by the sample thickness
on the growth kinetics.

(3) There exists a correlation among the reaction autocatalysis
and the phase separation kinetics. Compared to the conventional
case induced by nonautocatalytic photochemical reactions such
as photoisomerization, it was found that the phase separation
proceeded faster due to the effects of the additional heat
generated by photopolymerization.
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