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ABSTRACT: Phase separation driven by a reversible photo-cross-linking reaction was investigated by using
anthracene-labeled polystyrene/poly(vinyl methyl ether) (PSA/PVME) blends. Upon irradiation with 365 nm
ultraviolet light, anthracene moieties undergo photodimerization, leading to phase separation of the two polymers.
On the other hand, the homogenization process of the phase-separated blend was induced by irradiation with 297
nm which converted photodimer back to anthracene monomer, thus de-cross-linking the PSA networks in the
mixture. The kinetics of phase separation and the corresponding homogenization processes driven by these two
UV wavelengths were followed in situ under a light scattering instrument equipped with a UV light source.
Unlike the conventional kinetics of phase separation in nonreacting mixtures, it was found that the scattering
peak shifts toward the side of larger wavenumber as phase separation proceeds under 365 nm light. The local
elastic deformation of the blend monitored along the course of irradiation by Ma&ehnder interferometry

reveals a strong correlation between the cross-link-induced elastic deformation and the shift of the scattering
peak observed during irradiation. On the other hand, the homogenization process of the cross-linked blends was
observed upon irradiation with 297 nm. The scattering intensity decreases while the position of the scattering
peak remains unchanged with irradiation time. These experimental results do not only provide basic information
for modeling reaction-induced phase separation but also would suggest a method for recycling multicomponent
polymer blends by taking advantages of UV-induced reversible phase separation.

Introduction lengths. As a consequence, more accessible photoreactions are
Generation and reversible control of ordered structures in desirable to achieve the reversible control for phase separation

polymeric systems are not only indispensable for technological ©f Polymer blends.
applications such as fabrication of erasable membhiasalso From the viewpoint of polymer reactions kinetics, most of
important for the understanding of the generic mechanism and chemical reactions promote inhomogeneously in the bulk state
the functions of various assembling structures spontaneouslyof polymers because of the inherent inhomogeneity of their local
emerging in living system$Compared to thermally activated structure$ 11 This effect is even more significant for reactions
reactions, photochemical reactions are, in general, more selecgoverned by polymer mobility such as diffusion-controlled
tive, and their potential applicability has been demonstrated over reaction*? As a result, modifying chemical structure of polymer
a wide range of controlling molecular structures as well as their chains in the bulk state by using chemical reactions would lead
assemblied.Among these photochemical reactions, reversible to the formation of local inhomogeneity via which a local strain
photoisomerization of azobenzene derivatives has been extenfield can be generated and developed inside the cross-linked
sively utilized to manipulate various molecular assemblies as polymer mixture during irradiation. Depending on the irradiation
well as electrooptical properties of polymésHowever, the conditions, this strain field may not completely relax during
spontaneousis— trans photoisomerization of azobenzene and the course of the reaction as directly revealed in recent
derivatives that occurs at moderate temperafupesates a  experiments using MaetZehnder interferometr32 This cou-
drawback for the control using light over a wide range of pling occasionally leads to the broadening of the characteristic
temperature. To overcome this spontaneous process, we havéength scales distribution resulting from the spinodal decomposi-
utilized the more stablérans — cis photoisomerization of  tion process. It has been shown that the regularity of the
stilbene to manipulate the reversibility of phase separation andmorphology can be enhanced by relaxing this elastic strain in
compared the experimental data with theoretical prediction for periodic irradiation experiments.
phase separation kinetics driven by reversible reacfions. Inthis paper, we report the experimental results on reversibly
However, the reversible photoisomerizationtdns <> cis- driving phase separation of a binary polymer blend by using
stilbenes also has two drawbacks. First, instead of returning totwo UV wavelengths. First, the reversible photo-cross-link
thetransisomer via photoisomerization, tleés-stilbene isomer kinetics was monitored and analyzed for the mixture anthracene-
could be changed to an intermediate compound via which the labeled polystyrene (PSA) and poly(vinyl methyl ether) (PVME)
more stable phenanthrene is prominently produced in thein the one-phase region. Subsequently, the phase separation
presence of oxygen or iodifeThe second drawback of process of a PSA/PVME (20/80) blend was followed by using
photoisomerization of stilbene is the large overlap between the light scattering upon irradiation with 365 nm UV light. The
absorption spectra ofrans and cis-isomers that limits the elastic strain field generated by the inhomogeneity of the photo-
reversibility of the reaction upon switching irradiation wave- cross-link reaction was in situ monitored under the same
irradiation conditions by using MaetZehnder interferometry.
* To whom correspondence should be addressed. E-mail: qui@kit.ac.jp. The correlation between the phase separation kinetics and the
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Figure 1. (a) Chemical structure of anthracene-labeled polystyrene (PSA). (b) Reversible photodimerization of anthracene.

discussed. The homogenization kinetics induced by photodis- Hg-Xe lamp

sociation of anthracene photodimers under irradiation with 297

nm was also described in conjunction with the interferometric

data obtained for the phase-separated PSA/PVME blends. Optical filters ~ F———
Finally, the possibility of “photorecycling” for phase-separated
polymer blends will be briefly discussed.

relaxation of the deformation induced by cross-link reaction was I]

Movable
Experimental Section St e
Sample Preparation.Samples used in this work are the mixtures ND filter ?  ——
of anthracene-labeled polystyrene (PSA) and poly(vinyl methyl < Relay lens
ether) (PVME). Thesg polymers were prepared according to the Beam stopper
method reported previously Briefly, PSA My, = 2.6 x 10°; My/ e
M, = 2.2) was prepared from the precursor polystyresmepoly- Monitor

(chloromethylstyrene) copolymer synthesized by free radical po-
lymerization of styrene and chloromethylstyrene (Tokyo Kaisei
Inc.). The copolymer was reacted with potassium salt of anthracen-

ecarboxylic acid (Aldrich Chemicals, recrystallized twice in ethanol Sample ———

before use) in dimethylformamide. The label content of PSA is 1

anthracene/52 monomers as determined by using a8/ Heating block
photometer (Shimadzu, model UV-1600). PVME (SP2 IMs,,= He-Ne laser

1.0 x 10 M,/M, = 1.8) was purified using toluene as good solvent ( 2=632.8nm) /

andn-heptane as nonsolvent. PSA/PVME (20/80) blends with the Mirror

thickness 1Qrm were prepared by the solvent-casting method and

were dried under vacuum with the conditions reported previously. ND filter 1

The chemical structure of the polymer PSA used in this study iS rigure 2. Block diagram of the light scattering instrument equipped
shown in Figure 1 together with the reversible photodimerization with a high-pressure HgXe lamp used in this study.

of the photo-cross-linker anthracene.

Reversible Photodimerization Kinetics of Anthracene PSA/ light scattering profile from a PSA/PVME (20/80) blend was in
PVME (20/80) blend was irradiated in the one-phase region at situ monitored by using a light scattering photometer (Dyna-3000,
80°C by using a high-pressure Hge lamp (350 W/cri, Moritex, 632.8 nm, Otsuka Electronics, Japan) equipped with a high-pressure
Japan). To investigate the reversible photodimerization kinetics of Hg—Xe lamp (350 W, Moritex, Japan). Irradiation was performed
anthracene labeled on the PSA component, a PSA/PVME (20/80)with two UV lines 365 and 297 nm of a UV lamp through an optical
blend was irradiated with 365 nm to induce the dimerization of fiber. As shown in Figure 2, the exciting UV light is set
anthracene in the forward process and subsequently by 297 nm toperpendicularly to the surface of a PSA/PVME (20/80) blend that
dissociate the photodimer to the anthracene monomer in theis placed horizontally in a heating block with temperature thermo-
backward process. These wavelengths belong to specific line spectrastated with a precision of0.5 °C. The scattering profile was
of a Hg—Xe lamp (350 W, Moritex, Japan) and were selected by detected at the scattering angle ranging frei20° to + 20° by
using appropriate band-pass filters for excitation. The reversible using a 2-dimensional high-sensitivity movable CCD camera
photodimerization induced by these wavelengths is illustrated in (Princeton Instruments Inc.) at 12C. The 1-D scattering profile
Figure 1b. The change in absorbance of anthracene at 365 nm in avas obtained by circularly averaging the 2-D scattering intensity
PSA/PVME (20/80) blend was monitored by using a Vs distribution. The correction for refractive index was performed
spectrophotometer (model UV-1600, Shimadzu Inc., Japan) after according to the procedure described by Stein and K&aRem
different intervals of irradiation time. The detailed analysis of the the transmission data of the blend measured after different irradia-
reaction kinetics is described below. tion time intervals using the same scattering instrument, it was found

Glass Transition Temperature (Tg). The glass transition that the contribution of the sample cloudiness to the scattering
temperature of the PSA/PVME (20/80) blend was measured by intensity is negligible.
using differential scanning calorimetry (DSC-3100, MAC Science Measurements of Elastic Deformation by Mach-Zehnder
Inc.) with a heating rate of 10.0C/min. The midpoint transition Interferometry. The principle as well as the instrument was
was used to determine the glass transition temperature of the blenddescribed in detail elsewhet&ln brief, a He-Ne laser (10 mWw,

Light Scattering Experiments. The cloud point of PSA/PVME 362.8 nm, NEC) as a light source was enlarged and collimated
(20/80) blends was obtained by monitoring the light scattering before entering a MachZehnder interferometer unit composed of
intensity at a fixed angle while the temperature of the blend was two reflecting and two half mirrors. The interference patterns of
increased with a constant heating rate of %2 min. The cloud the test beam and the reference beams were monitored by using a
point for this particular composition was found as 1183 The CCD camera (Tokyo Electronic Industries Co., model CS-8330B)
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and stored on a laptop computer (La Vie G, Intel Pentium M

Processor 1.0 GHz, NEC). The information on the phase change
was calculated from the interference patterns between the test and
reference laser beams using Hilbert transform as described previ-

ously. The photo-cross-link reaction results in two antagonistic
effects in the optical properties of the reacting blend. One is the

increase in the refractive index of the sample due to the volume

contraction of the blend induced by irradiation cross-link, and the

other is the decrease in refractive index caused by the destruction

of thesr-electron conjugation of anthracene. The optical path length
obtained from the interference fringes is a function of both the
deformationd and the refractive index of the blend. Before
irradiation, the optical path length ORkis given by

OPLygore= A¢/q = (n — 1)d 1

Here,A¢, q, andd represent respectively the phase difference, the

wavenumber, and the initial thickness of the blend. In general, upon

photo-cross-link, the thicknessand the refractive-inder of the
cross-linked blend change td f Ad) and 1 + An), respectively.
The optical path length observed after irradiation over a period of
time is then given by

OPL o= Adefd = (N + AN)(d + Ad) — 1(d + Ad)  (2)
The factor 1 in the front of the last term of eq 2 represents the
refractive index of air anah is the refractive-index of the blend.
Change in the refractive indexn of the blend before and after
irradiation was directly measured by using the prism-coupling
method?’ It was found thatAn is negligibly small (less than 0.02%)
under the experimental conditions of this stdélysrom eq 2, the
change in the optical path length (OPLD) of the blend before and
after irradiation is approximately given by

OPLD = OPLge, = OPLpgtore= Ad(n — 1) (3)
wheren = 1.4871 is the refractive index of the PSA/PVME (20/
80) blend at the experimental temperature (5. Thus, the
information on the elastic deformation of the cross-linked blend
defined asAd/d is finally given by

OPLD Ad
T = OPLyer = OPLyetore= (n— l)F
or
Ad OPLD
Ad_ 4
d din—1) “)

for various irradiation conditions provided thal the initial
thickness of the blend, is known.

Refractive Index Measurements by Total Internal Reflection.
The refractive index of a PSA/PVME (20/80) blend was measured
on a prism-coupler (Metricon Corp., model 2010) at’Z5using a
He—Ne laser (632.8 nm) as a light source. The refractive index of
the blendhs was calculated from the total internal reflection principle
using the refractive-index of the prismy and the corresponding
critical anglef. measured by the prism coupler:

n
0, = sinl(—s)
M,

Thus, withn, known beforehand and the critical angleobtained
from the sudden change in the reflection intensity with the rotating
angle of the sample, the refractive indexof the blend at 632.8
nm can be calculated.

(®)

Results and Discussion

Phase Behavior and Glass Transition Temperature of
PSA/PVME Blend. The cloud point Tc)) measured by light
scattering and the glass transition temperatilige¢btained by
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Figure 3. Composition dependence of the cloud poifig)(and the
glass transition temperaturégf of the PSA/PVME blend.
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Figure 4. Reversible dimerization kinetics of anthracene in a PSA/
PVME (20/80) blend alternatively irradiated with 365 and 297 nm UV
light in the one-phase region at 8C. Three sets of intensity (365
nm/297 nm) were used for irradiation: (a) 0.5/0.025, (b) 1.0/0.05, and
(c) 2.0 mW/cn3/0.1 mW/cn?.

DSC for the PSA/PVME blend are illustrated in Figure 3. The
blend exhibits a lower critical solution temperature (LCST) as
the unlabeled polystyrene/poly(vinyl methyl ether) mixture,
except that the cloud point slightly shifts toward the side of
low temperature, indicating that introducing anthracene into
polystyrene chains worsens the miscibility of the “mother”
blend. All the irradiation experiments were performed at 110.
0 °C which is located in the one-phase region betweerilthe
andTg curves.

Reversible Photodimerization Kinetics of Anthracene in
PSA/PVME Blend. Figure 4 shows the variation with irradia-
tion time observed for the absorbance of anthracene moieties
in a PSA/PVME (20/80) blend upon alternative irradiation with
two wavelengths 365 and 297 nm at 80. It is worth noting
that irradiation at this temperature does not have enough ability
to bring the blend into the unstable region, and therefore the
sample remains in the one-phase region after irradiation. To
examine the reversibility of this reaction, the blend was
alternatively irradiated with two wavelengths 365 and 297 nm
over three equal time intervalst = 40, 80, and 160 min using
three sets of light intensityl4sg/l297 = 2.0/0.1 mW/cr, 1.0/
0.05 mW/cm, and 0.5/0.025 mW/cA. The rates of both the
photodimerization (the forward process) and the photodisso-
ciation (the backward process) of anthracene induced respec-
tively by 365 and 297 nm UV light increase with increasing
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Figure 5. Upper part: photo-cross-link kinetics of PSA/PVME (20/80) blends obtained by irradiation with 365 nm & 1t@ler six intensities:
(1) 0.1, (2) 0.2, (3) 0.5, (4) 0.7, (5) 1.0, and (6) 1.5 mWAchower part: the corresponding absorbance of the same blends monitored at 500 nm.
Inset: light intensity dependence of the initial sldpealculated from the time-evolution of absorbance.

the irradiation intensity. Obviously, for lower irradiation PSA/PVME (20/80) blend cross-linked at 12Q under 365
intensity, the change in the absorbance of anthracene becomeam UV light with the intensityl = 0.2 mW/cn?. The scattering
slower with irradiation time. Furthermore, the absorbance intensity profiles in situ monitored over different irradiation time
monitored at 365 nm is almost recovered (ca. 98%) after exhibit a peculiar behavior. The scattering intensity increases
irradiation with 297 nm over several photodimerization/photo- with irradiation time, indicating that phase separation was
dissociation cycles. The period of reversibility becomes longer induced by the cross-link reaction. The broad scattering peak
for weaker irradiation intensity. To analyze the kinetics of photo- that reveals the presence of modulated structures inside the
cross-link induced by the dimerization of anthracene, the irradiated blend moves toward the side of larger wavenumber.
irradiation time dependence of the absorbance at 365 nm (theThis behavior is distinctively opposite to the behavior of phase
forward process) was monitored under several light intensities separation often observed for nonreacting mixtures. Shown in
ranging from 0.1 to 1.5 mW/cPn As shown in Figure 5, the  Figure 7 is the irradiation time dependence of the wavenumber
decay of the absorbance monitored at 365 nm for a PSA/PVME gmax corresponding to the maximum scattering intenHityhay)-
(20/80) blend irradiated at 1TC deviates from the decay course Here, the peak position was determined from the conditi¢e)/d

at a particular irradiation time as indicated by the dotted lines. dg — 0. Obviously, gmax gradually increases with irradiation
This particular point coincides with the irradiation time at which time and eventually reaches a stationary state at ca. 250 min of
the absorbance of the blend monitored at 500 nm suddenlyirradiation. These results show that the PSA/PVME (20/80)
increases. It is worth noting that the absorbance of anthraceneblend becomes unstable upon cross-link and undergoes phase
at 500 nm is negligible. Furthermore, the irradiation time separation around 40 min after irradiation with UV light with
corresponding to this deviation increases with decreasing thethe intensity 0.2 mW/ck The initial characteristic length scale
light intensity, suggesting that this specific change correspondsemerges as the blend enters the unstable region and subsequently
to the onset of phase separation induced by the photodimeriza-decreases as irradiation time increases. The dependence of the
tion of anthracene. Since the decay process of the absorbancenorphological length scales on irradiation time is somewhat
is interrupted by this phase separation, instead of fitting these unusual compared to the conventional phase separation kinetics
experimental results to some model functions of reaction observed by light scattering for nonreacting systéighe

kinetics, the initial slope defined ask = limo d[OD(t)]/dt irradiation time dependence of the characteristic length gtale
for the decay curves was calculated and used as a measure focalculated from the Bragg's la§ = 27/gmax is depicted in
the rate of the cross-link reaction. The dependendeaf the Figure 8 for six irradiation intensities ranging from 0.1 to 1.5

irradiation intensity is illustrated in the inset of Figure 5, showing mW/cn?. Here, instead of the irradiation tinig, the “net” time

that the initial slopek increases with increasing the irradiation of phase separatiof,{ — to) was used, wherg is the threshold

intensity. of irradiation time required for the onset of phase separation.
Light Scattering Data of Photo-Cross-Linked Blends.The This particular timdo was defined as the specific time at which

one-dimensional light scattering profile obtained after circularly the scattering intensity from the irradiated blend exhibits a

averaging the two-dimensional data is shown in Figure 6 for a sudden change upon increasing irradiation time. The data
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Figure 6. Time evolution of the light scattering intensity observed for the forward phase separation process of a PSA/PVME (20/80) blend induced
by 365 nm at 110C. Irradiation intensity is 0.2 mW/ctn
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from the data shown in Figure 6. Figure 8. Time evolution of the characteristic length scale observed

for a PSA/PVME (20/80) blend irradiated with various light intensities
obtained for six irradiation intensities share a common behavior at 110°C.

as seen in Figure 8. As the “net” irradiation timeé = (t — tg)
increases, the characteristic length scgledecreases and the reaction-induced fluctuations, the polymer viscoelasticity,
eventually reaches a limit at long irradiation timé. Upon and the change in the compressibility of the mixtures during
increasing the irradiation intensity, the decrease in the length the course of reaction make the problem become theoretically
scale with At appears weaker from a certain intensity. On the intractable. Here, we have no attempt to apply currently available
other hand, the maximum scattering intendi(gmay) corre- theories for reaction-induced phase separation in chemical
sponding to the wavenumbey..xincreases with irradiation time  systems, including small molecular mixtures, to analyze the
and eventually tends to approach a limit at long time as above experimental data. Instead, we estimate the rate of phase
illustrated in Figure 9, indicating that the inhomogeneity of the separation induced by the cross-link reactions in a phenomeno-
blend was induced and gradually frozen by the photo-cross- logical way based on the concept of linear stability analysis
link reaction. developed for dynamical phenomei¥g! In the initial stage of
Phase separation of reacting polymer mixtures is the ex- a dynamical process such as phase separation where the
tremely complicated phenomena. Relevant theories are currentlylinearization process can be applied, the time evolution of the
not yet established even in the linear region because the mutuafluctuations d¢(q,t) induced by external perturbation can be
couplings among the nonlinear kinetics of the evolving reactions, approximately expressed by an exponential function of time,
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{Sg/m?X)tOth.‘ti.”ed for a PSA/PVME (20/80) blend irradiated with various  pqeneqd at 116C for various irradiation intensities in the photo-cross-
Intensrues. link process of a PSA/PVME (20/80) blend.

0.10 h interferometry equipped with a UV light source was employed
to in situ monitor the local deformation of the blend along the
course of irradiatiod? lllustrated in Figure 11 is the irradiation
time dependence of the elastic straikd(d) defined in eq 4
observed for a PSA/PVME (20/80) blend irradiated with various
light intensities. In the figure, the effects of cross-link on the
deformation Ad/d) observed in the one-phase region of the
blend were indicated by the solid curves for six intensities
] ranging from 0.1 to 1.5 mW/ct The elastic strain Ad/d)
decreases with irradiation time, indicating that the photo-cross-
linked blend actually shrinks upon cross-linking. It was found

1 1 1 1 L 1 1 that the shrinkage of the blend changes systematically with

02 04 06 08 10 , 12 14 irradiation intensity, i.e., the greater intensity generates the larger

Irradiation Intensity (mW/cm”) (Ad/d). As irradiation time exceeds an exterd(d) clearly

Figure 10. Dependence of the raR{(qmay) of phase separation onthe  deviates from its course indicated by the solid curves which
irradiation intensity calculated from the data shown in Figure 9. represent the data of the blend in the miscible region. The
i.e., 0p(qt) ~ F(q)eRat. Here F(q) is a spatially periodic irradiation time at which the deviation takes place becomes
function of the wavenumbey. The exponential part, appearing /onger under weaker UV intensity, being in accordance with
as the consequence of linearization, characterizes the timethe absorbance data monitored at 500 nm as depicted in Figure
evolution of the dynamical process with the growth ri(e) 5. Therefore, this deviation corresponds to the onset of phase
of a concentration fluctuation having the wavelengtk 27/ separation observed by MaeHehnder interferometry. The
g. In reciprocal space, the Scatte”ng |ntengw,t) from the deformation data obtained after the irradiated blend enters the
reacting blend is proportional to the square of this concentration tWo-phase region are expressed by the dotted curves in the same
fluctuation Pe(q,t)]2 and would therefore increase exponentially ~ figure. ) .
with irradiation time in the early stage of the reaction-induced  In order to examine the correlation between the “abnormal”
phase Separation process. From this argument, the linear par?V0|uti0r‘I of the characteristic |ength Sca&s\/ith irradiation
of the graph In(gmax) VSt at the beginning of the irradiation ~ time in the phase separation process, the irradiation time
process may be used as a measure for the rate of phasélependence af shown in Figure 8 was fitted to the following
separation, although unknown are the detailed contribution to €quation:
fluctuations from cross-linking kinetics, polymer diffusion,

0.08

0.06

R(q,,,,) (min™)

=)
£

reaction-induced increase in molecular weight, its feedback on &(t) = &o exp(—kst;,) + B (6)
the dynamics of the system, and the viscoelasticity. The
irradiation intensity dependence of the growth r&@max ) Here, & and B are constant, ank: is the shifting rate of the

calculated from the initial slope of Figure 9 is depicted in Figure scattering peak which may be used as a measure for the
10. It was found thaR(gmax ) systematically increases with  morphological evolution.

increasing irradiation intensity and eventually tends to reach a  On the other hand, the shrinkage process of the blend under
limit at high irradiation intensity. From these experimental irradiation observed by MaetiZzehnder interferometry does not
results, we conclude that the kinetics of phase separation inducechave enough data points for analysis because of the significant
by a photo-cross-linking reaction is quite different from the intervention of phase separation as illustrated in Figure 11. As
nonreacting case in two aspects. One is the emergence of thex consequence, the initial slopedefined as; = d(Ad/d)/dt;,
reaction-induced freezing effect that prevents the mixture from with t;, — 0 was used as a measure for the shrinkage process.
approaching phase equilibrium. The other is the decrease in theln order to characterize the deformation process induced by the
characteristic length scaléswith the cross-link time as seen reaction, the rate of shrinkade is defined ask; = 1/r;. The

in Figure 8. To confirm that the volume of the cross-linked blend correlation between the deformation process induced by irradia-
may be greatly changed upon irradiation, Ma&ehnder tion cross-link and the time evolution of the characteristic length
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Figure 12. Correlation between the rate of shrinkage measured by
Mach—Zehnder interferometer and the shifting rate of the scattering
peak obtained for a PSA/PVME (20/80) blend irradiated with 365 nm
under six different intensities at 1TC.

scale& of the morphology in these cross-linked blends was
examined by plottings vs ke. Though occurring in different
time scale, these two kinetics parameters strongly correlate to 1.2 — I i I I I

each other as seen in Figure 12. Namely, the shifting kate ®) Baskwar ns
observed for the scattering peak increases with increasing the

of forward

shrinking ratekof the cross-linked blend observed by Mach 101 1 ;mﬂz N
Zehnder interferometry and eventually tends to approach a limit —v— 30mins
at a certain rate of shrinkage as shown in Figure 12. From these g |- T dmns
experimental results, we conclude that the shrinkage of the blend —o— 60mins

during the cross-link process would be responsible for the shift —¥4 T0mins

of the scattering peaks ajmax toward the side of larger ;
wavenumbenq. G
Reversible Phase Separation of PSA/PVME Driven by -
Two UV Wavelengths. To examine the reversibility of the
phase separation of PSA/PVME blends under alternative ir-
radiation with two different UV wavelengths, a PSA/PVME (20/ 02§
80) blend was first irradiated over 150 min using 365 nm UV
light with the intensity 0.3 mW/c# The light scattering profiles
of the blend in this forward (cross-linking) process of phase
separation monitored during the course of irradiation are shown
in Figure 13a. Similar to the results shown in Figure 6, the
scattering peak slowly shifts toward the lamggeange as phase

1.6 1.8 2.0 22 24 2.6 28 3.0
-1
q(pm )
Separation proceeds and eventua”y becomes a|most unchangeaigure 13. (a) Evolution of the Scattering intensity with irradiation

- . o : : ot time in the forward process promoted by UV light (365 nm, 0.3 mW/
after 130 min of irradiation. After 150 min of irradiation under cr?) at 110°C. (b) The backward process induced by irradiation with

365 nm, the excitation wavelength was shifted to 297 nm by shorter UV light (297 nm, 0.5 mW/cH observed at the same
switching a band-pass filter into the trajectory of the UV beam temperature.

in the scattering photometer to promote the backward (homog-

enization) process of phase separation. It was found that uponseparation of the PSA/PVME (20/80) blend can be reversibly
de-cross-linking the PSAF networks with 297 nm the scattering induced by two UV wavelengths 365 and 297 nm. The
intensity from the blend gradually decreases with increasing insensitivity of the position ofjmax to the irradiation time in
irradiation time as illustrated in Figure 13b. On the other hand, the backward process would originate from the following two
the position of the scattering peak is almost unchanged with reasons. One is the overlap between the absorption spectra of
irradiation time, indicating that the length scale of the morphol- anthracene and its photodimer at the wavelengths used to induce
ogy is unchanged while its contrast becomes weakened withhomogenization. It should be noted that the extinction coefficient
irradiation time. These experimental results clearly indicate that of anthracene is small but nonzere £« 600 cnt! M~1) at

the homogenization process has occurred upon de-cross-linking297 nm?22 The other is the very high viscosity arising from the
with 297 nm UV light. The details of the reversibility of the cross-link networks. Nevertheless, the homogenization of the
cross-link reaction are shown in Figure 4. Displayed in Figure blend induced by 297 nm can be clearly observed in the change
14a is the time evolution of the characteristic length scles of the scattering profile illustrated in Figure 13b. In principle,
obtained for both the forward and backward processes of theincreasing the intensity at 297 nm or using laser with tunable
phase separatiod.decreases with irradiation time in the forward wavelengths could lead to a more efficient control of the
process, whereas it is almost unchanged during the backwardreversibility. The experimental results described here indicate
process induced by irradiation with 297 nm. On the other hand, that phase separation of the PSA/PVME blend can be reversibly
as illustrated in Figure 14b, the intenskfgmax )of the scattering driven by using two UV wavelengths, and the efficiency of the
peak increases with irradiation time under 365 nm and then reversible control of phase separation would depend strongly
decreases upon switching the wavelength to 297 nm for the on the selection of the two excitation wavelengths. It should be
backward process. These experimental results indicate that phasaoted that reversible photodimerization has been demonstrated
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Figure 15. Elastic deformation of a PSA/PVME (20/80) blend cross-
. . ’ linked by irradiation with 365 nm (0.3 mW/cthin 150 min and
1.0 subsequently de-cross-linked by 297 nm (0.5 m\Wjcim 100 min.
Backward ®) The experimental temperature is 90 in the one-phase region.
081 n by the photo-cross-link process. Furthermore, the effects of
volume shrinkage on the evolution of the morphology monitored
ol | during irradiation are also supported by the close correlation
’?gs ’ between the two kinetic paramet&esandk; illustrated in Figure
) 12.
04k . Recently, it was found from interferometric studies on photo-
cross-linked blends that there exist three types of strain
/ relaxation depending on the cross-link dens#§£For the case
021 Forward —e— Forwand of low cross-link density, the deformation generated by the
—m— Backward reaction slowly recovers after stopping irradiation because the
. \ . . . . sample does not yet enter its glassy state. However, as the cross-
0 20 40 60 80 100 link density reaches a certain threshold, the volume recovery

disappears, and the dimension of the irradiated blend is

) ) ) o apparently unchanged within the time scale of the experiment
Figure 14. Time evolution of the characteristic length scale of the

morphology (a) and the peak intensity (b) obtained in the forward and .due to gla§§lflcatlon: Further increase in Cross-llnk density re§ults
backward processes shown in Figure 13a,b. in an additional shrinkage of the blend at long time, reflecting

the aging phenomena in the glassy state of the cross-linked
to trigger the transition from microphase to macrophase separa-blend. As a consequence, the shift of the scattering peak
tion of poly(styreneplockpoly(methyl methacrylate) by taking ~ observed by light scattering would depend on the composition
advantages of photocleavage of the anthracene photodimers useand particularly on the cross-link density of the blend. For the
as a junction between the polystyrene and poly(methyl meth- experimental conditions used in this study, the shift of the
acrylate) components of the diblogkMost recently, reversible ~ scattering peak toward the largeide would be mainly caused
photodimerization of coumarin was also used to stabilize by the contraction of the blend by cross-link.
polymer micelle$? On the other hand, for the homogenization process induced

On the Time Evolution of the Phase Separation Observed by irradiation with 297 nm, the scattering intensity significantly

by Light Scattering. It is worth noting that the scattering decreases while the scattering peak is almost unchanged with
behavior similar to those shown in Figures 6 and 13a for the irradiation time. These results are in good agreement with the
forward process of phase separation was also reported previoushdeformation data obtained by MaeBEehnder interferometry
in a kinetic study of phase separation in cured epoxy systéms. under the same irradiation conditions. As illustrated in Figure
Depending upon the composition of the epoxy resin, the time 15, a PSA/PVME (20/80) blend exhibits shrinkage after photo-
evolution of the scattering profiles could exhibit the “normal” cross-link by irradiation with 365 nm (0.3 mW/&prin 150 min
behavior; i.e., the scattering peak moves to the side of small and subsequently shows almost no deformation after de-cross-
wavenumbenq or unusually shifts to the opposite (largeside. link under 297 nm (0.5 mW/c& in 100 min. These results
This peculiar kinetics of phase separation was ascribed to thesuggest that the photo-cross-linked blend did not undergo
nucleation-initiated spinodal process arising from the change significant deformation in the de-cross-link process using
of the phase diagram with the curing reaction. Here, we took a 297 nm. Taking into account that the recovery of anthracene
different approach by considering the fact that considerable monomer can be performed with a good efficiency as evidenced
change in volume of the blend was induced by the cross-linking in Figure 4, and there is also a close correlation between the
reaction of the PSA component. Therefore, interferometric temporal behavior of the scattering from the blend irradiated
experiments were performed in situ to confirm the effects of with 365 nm and the time dependence of the deformation
deformation associated with this reaction. The elastic deforma- monitored in situ by MachZehnder interferometry, we may
tion shown in Figure 11 obtained by the in situ experiments conclude that the elastic contraction of the blend induced by
using Mach-Zehnder interferometry provides clear evidence the photo-cross-link reaction is mainly responsible for the
for the shrinkage of the PSA/PVME (20/80) blend generated “unusual” scattering behavior observed in Figures 6 and 13a.

(t-ty) (min)
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