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ABSTRACT: Time-resolved light-scattering measurements have been performed on poly(vinyl alcohol) (PVA)

in mixed solvents of dimethyl sulfoxide (DMSQ) and water with various mixing ratios after quenching from 100

to 25°C to examine the physical gelation process. A broad scattering peak characteristic of phase separation
appeared in the light-scattering profiles after a certain incubation tifpeu(d the peak positiorQ,) moved to

higher Q with annealing time. The results contradict the theoretical predictions and experimental observations
for usual phase separation systems, suggesting the effects of gelation (or network formation) on the phase separation.
The growth kinetics significantly depend on the mixing ratio of DMSO and water, showing that the solvent
quality is also a factor to affect the phase separation kinetics during the physical gelation process. The unusual
phase separation kinetics is discussed in terms of gelation-induced phase separation.

1. Introduction structure formation mechanism for the PVA gel in DMSO/water

Poly(vinyl alcohol) (PVA) is one of the most interesting With ¢omso = 0.6. When quenching the PVA solution to
polymers, because it is water-soluble and biocompatible. Hence,25 °C. it stayed in the SD region or an unstable region, and
PVA is used in various ways in our daily life. It is well-known hence SD-type liquigtliquid phase separation proceeded before
that PVA gelates physically in various solvents, such as water, 9€lation (or network formation). After the solution is phase-
dimethyl sulfoxide (DMSO), and polyethylene glycol (PEG), Sep_arated into blcontln_uous polymer-nch a_nd polymer-poor
upon cooling. We have so far extensively studied formation '€gions, network forma.tlon due to crystglllzgtlon occurs in the
mechanisni; 3 static structurd;® dynamical behaviof,and bicontinuous polyme_r-nch phas_e, resulting in the macroscopic
gelation kinetic& of PVA gels in DMSO/water mixed solvents.  ©Pague PVA gel. This explanation seems very reasonable and
It was found® that microcrystallites, which are formed by Well explains the observed results.
guenching the PVA solution, work as cross-linking points of ~ Recently, we have examined PVA solutions in DMSO/water
the physical gel. Depending on both the quenching tempera- mixed solvents to investigate effects of solvent composition on
ture®10 and solvent compositioH, the formed gels show a  both gelation and phase separation rates and have found both
variety of macroscopic appearances, namely, transparent, transef them significantly depended on the solvent composition.
lucent, and opaque. Since PVA solution has an upper critical In pure DMSO and water, PVA gelation and phase separation
solution temperature (UCST)-type phase diagram, the phaserates are extremely slow, while they increase in mixed solvent
separation is often concomitant with the physical geldtién and show a maximum gpmso = 0.6, meaning that the mixed
upon cooling. When the phase separation precedes the networksolvent withgpmso = 0.6 is the poorest solvent for PVA. This
formation to give a bicontinuous structure of polymer-rich and result can be understood in terms of the co-nonsolvency éffect.
polymer-poor phases and the network formation occurs in the Of further interest is how the solvent quality affects the detailed
polymer-rich phase, the resultant gel is opaque. The origin of manner of phase separation and gelation. Consequently, in this
the opaqueness is ascribed to liqulitjuid phase separation.  work, we have performed time-resolved LS measurements on
Similar phenomena were reported for concentrated solutions of PVA solutions with various solvent compositions.
poly(y-benzyle,L-glutamate) (PBLG) inN,N-dimethylforma-
mide containing a small amount of waféin order to elucidate 2. Experimental Section
the phase separation mechanism as well as the gelation
mechanism, Takeshita etdhave conducted time-resolved light-
scattering (LS) measurements on PVA solutions in the DMSO/

Fully saponified atactic PVA with a number-average degree of
polymerization DR = 1730 was used in this work. The molecular
weight distributionM,,/M, is 1.97, whereM,, and M, are weight-

water mixed solvent with a volume fraction of DMS@swiso, and number-average molecular weights, respectively. The details
of 0.6 after a temperature jump from 100 to 26. The of the characterization of this sample were reported elsewhere.
scattering profile showed a maximum at a posit@@g, which The solvents used for the experiments were mixtures of dimethyl

scarcely moved with time, and the maximum intensily) ( sulfoxide (DMSO) and water witkhpmso = 0.30, 0.40, 0.50, 0.60,
increased exponentially with annealing time. These results are0.68, 0.72, 0.76, and 0.80.

well-described by the theory for the initial stage of spinodal A given amount of PVA was dissolved in a solvent at about
decomposition (SD)-type phase separation reported by Cahn and.30 °C in an autoclave to be homogenized in a glass tube, and

Hilliard.13-15 On the basis of the results, they proposed a then the solution was filtered through a 04% Millipore filter in
a dust-free cylindrical Pyrex cell with a diameter of 10 mm. Just

* Corresponding author. Tet81-774-38-3141; Fax 81-774-38-3146: before the measurements, the samples in the cell were again

e-mail kanaya@scl.kyoto-u.ac.jp. homogenized at 100C for about 30 min and quenched to 26
t Japan Atomic Energy Agency. for gelation. PVA concentratior() was 5 g/dL for the measure-
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Figure 1. Time evolutions of LS profiles of PVA solution in mixtures 5
of DMSO and water withC, = 5 g/dL after quenching from 100 to 10
25 °C. The volume fractions of DMSQppuso, are (a) 0.4, (b), 0.6,
and (c) 0.8. R
—10% °

Light-scattering (LS) measurements were carried out with a £ "
System 4700 of Malvern Instruments Inc. using"Aaser § = g u a
488 nm, 75 mW) as a light source. The scattering veQdr-4nr ~10% °©
sing/A, with n being the refractive index), covers a range between . I |m o
3.2 x 104 and 3.6x 1073 A-1, The absolute intensity (Rayleigh ot o _om
ratio) was calculated using toluene as a standard tedpe= 39.6 | ua®
x 1076 cm™® for A = 488 nm atT = 25 °C.7 In order to reduce 10605 04 0.6 08
the effect of speckle, measurements were performed by rotating ¢DMSO

the sample cell at afrequency_ of about 10 rbmmt_a-resolved LS Figure 3. Solvent composition dependences of onset time of peak
measurements were started just after transferring the solution atyppearance on LS profilé, (W), and gelation timetge (O).
100 °C to a sample cell holder that had been kept af@5The
scattering intensit_yI[Q)] was corrected for the transmittance of  pafore the macroscopic gelation. The results completely agree
the laser beam with wavelength of 488 nm. with the theoretical prediction for the initial stage of SD-type
phase separation by ChaHlilliard,*3-5 concluding that the SD-
type phase separation occurs before the gelation, resulting in
Time evolutions of LS profiles are shown fgbuso = 0.4, bicontinuous polymer-rich and polymer-poor phases. The cross-
0.6, and 0.8 in Figure 1, parts a, b, and c, respectively. In all linking points between PVA chains due to crystallization are
DMSO fractions, a broad peak characteristic of phase separationmainly formed in the bicontinuous polymer-rich phase, leading
appears in the LS profiles after a certain incubation tita¢ ( to macroscopic gelation. This is a scenario for the formation of
and grows in intensity with annealing time. Apparently, large opaque PVA gels in DMSO/water mixed solvent witBuso
differences are not found in the time evolutions of LS profiles = 0.62 It is noted that the scattering profile has no peak in the
for ¢gomso = 0.4, 0.6, and 0.8. In order to examine the phase early stage before about 120 min, although the intensity
separation kinetics, the peak positiQm and the peak intensity  increases exponentially with time. According to the theédry®
are plotted against the annealing time #uso = 0.4, 0.6,  the peak due to the SD-type phase separation must appear just
and 0.8 in Figure 2, parts a, b, and c, respectively, where the after quenching into the SD region, because the SD region is
incubation timety, of the peak as well as macroscopic gelation unstable. The results do not agree with the theory. In a previous
time (ge) determined by the tilting method are indicated by paper? we considered that the contradiction was caused by the
dotted and dashed lines, respectively. The incubation time  fluctuations due to the microgel formation: the cross-linking
and macroscopic gelation ting, strongly depend on the DMSO  among PVA chains occurred simultaneously with phase separa-
fraction ¢pmso. To see the effect of the solvent composition, tion to form microgels, and the fluctuations probably hid the

3. Results and Discussion

the incubation timem and macroscopic gelation tintg, are broad peak due to the SD-type phase separation. This problem
plotted against DMSO fractiofipmso in Figure 3. Both of them will be again discussed later.
are extremely short at arourbuso = 0.6, showing that the The phase separation kinetics becomes very different from

mixed solvent withpomso = 0.6 is the poorest solvent for PVA.  that of gpuso = 0.6 when the fraction of DMSO departs from

In this work, we again performed LS measurements on PVA 0.6, as seen in Figures 1a,c and 2a,c. As the solvent composition
in DMSO/water mixed solvent witihpuso = 0.6. As reported is going away fromppuso = 0.6, the macroscopic gelation time
in a previous papérand seen in Figures 1b and 2b, the peak tye becomes longer, as seen in Figure 3, showing that the mixed
positionQy, almost stays constant &= 1.2 x 103 A1, and solvent becomes better for PVA. These phenomena can be
the peak intensity increases exponentially with annealing time understood as co-nonsolvency effetdn addition to the
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slowing down in gelation rate, we found that the incubation T
time ty, of the scattering peak is very long compared with that A
for ¢pmso = 0.6 (for examplet,, = 500 and 6800 min foppmso

= 0.4 and 0.8, respectively; see also Figure 3), although the
scattering intensity increases with annealing time before emer-
gence of the peak. Furthermore, the peak posi@grshifts to
higher Q with annealing time. These results cannot be under-
stood as normal SD-type phase separation. According to the
theoriest3~15 which were confirmed in many experimenfs,
concentration fluctuations due to SD-type phase separation must
start spontaneously after temperature jump into SD-region,
because the SD-region is an unstable region. The theory also
predicts that the peak positioQm, which correspond to the
inverse of the characteristic length of phase separati¢n27/

Qm), remains constant in the early stage of SD-type phase
separation and shifts to low€} in the late stage according to

a power law, keeping the self-similarity, due to coalescence of
phase-separated domains. The present findings on the kinetics ¢ ¢

for PVA solutions in mixed solvents except fgpuso = 0.6 A

are completely different from normal SD-type phase separation. Figure 4. Schematic temperaturdraction phase diagram of an A/B
How can we understand the unusual results? One of the keyspinary polymer mixture. The bold and dotted lines indicate binodal
to solve the problem is that phase separation occurs simulta-and spinodal lines, respectively. The coexisting curve progressively
neously with gelation (or network formation); hence, we have shifts from PQ toward PQ via PD; in terms of polymerization of

to consider the relation between the phase separation rate an§omPonent A.

gelation rate. We also have to consider the solvent quality,

because the rate of gelation, as well as phase separation, depen(@”ed circle) intersects the binodal line, _resulting ina nuclgati(_)n
on the solvent quality. These suggest that the most important@"d growth (NG)-type phase separation. The polymerization

point is that the phase diagram (binodal and spinodal curves) rgaction C,’f component A Progresses, moreove, this A/B. blend
depends on the solvent quality as well as molecular weight, With ¢a (filled circle) goes into the spinodal region (BDThis

which increases as the cross-linking reaction proceeds.

is the basic idea of PIPS, and it is noted that SD-type phase
. ) . separation occurs always after getting through the metastable
As mentioned above, the scattering peak is observed after arggion. Because the critical point of phase diagram shifts upward
certain |ncubat_|on timgy,, even for¢DMso=_0.6. In the Previous  4ng leftward (to the lowes, side), PIPS proceeds at an off-
paper we considered that the peak was hidden by the fluctuationsyitica| point in most cases. Thus, this pattern of SD is especially
due to the formation of cross-linking points. However, the ¢5jjeq nucleation-initiated spinodal decomposition (NISD).
present observations for various DMSO compositions cannot \yjithin the PIPS concept, some experimental and numerical
be explained only by the effect of the fluctuations, suggesting gjmulation works have been perform&d? revealing that a
another effect of the cross-linking reaction. PVA solutions in scattering peak appeared after a certain incubation tinaed
mixed solvent of DMSO and water have UCST-type phase ghjfied to higheQ with the annealing time. These observations

diagrams. When cross-linking reactions proceed with annealing are gualitatively very similar to our observations in PVA gels
time, molecular weight increases, resulting in the upward shift ;, pvso/water mixed solvents.

(or high-temperature shift) of the phase diagram with time. This
situation is very similar to polymerization-induced phase
separatiort? We will apply this concept to the phase separation
process of PVA solution in DMSO/water mixed solvents with
various mixing ratios. Before going to the PVA gels, we will

3.2. Gelation-Induced Phase SeparationGelation of the
PVA solution occurs in all solvent compositions at 25,1
and hence it is obvious that the cross-linking reaction proceeds
before and/or during phase separation at@%vhether the PVA
, i e TV solution is in the one-phase or two-phase region, depending on
briefly explain the concept of polymerization-induced phase e golvent quality or the mixing ratio of DMSO and water. If
separation. the solution is in the one-phase region, just after the quenching
3.1. Polymerization-Induced Phase SeparationThe po- to 25 °C PIPS may occur when the cross-linking reaction
lymerization-induced phase separation (PIPS) concept wasproceeds. Even if the solution is in the two-phase region after
reported about 2 decades ago for reactive binary polymer quenching, the cross-linking reaction (or increase in molecular
blends?°-22 The basic concept can be easily explained using weight) affects the phase separation kinetics. In this section,
schematic phase diagram presented in Figure 4. This is awe consider the effects of the cross-linking reaction on the phase
temperature)—fraction () phase diagram, and the bold and separation based on the PIPS concept.
dotted lines indicate binodal and spinodal lines, respectively.  For phase separation in polymer solutions, the Fidtuggins
We consider an A/B binary system with a cross-linker of equation based on the combinatorial lattice model is often
component A having a UCST-type phase diagram jPDis employed, and the free energy of mixing is giverfby
assumed that the system is in a stable state at a given quenching
temperatureT), denoted by a filled circle in the figure. When 9(¢,) =
cross-linking reaction (polymerization) of component A occurs, keT
the phase diagram shifts upward and leftward, for instance, PD 4{
— PD, — PDs;. We now consider an A/B blend with a given v
compositionga at a quenching temperatuii, in the phase
diagram. In the initial stage, this A/B blend is in one phase wherekg is Boltzmann'’s constant; is the absolute temperature,
region. When the phase diagram reaches tg, B2 A/B blend v is the volume of a cell or segmeit, is the polymer volume

%m dpt (1 — ¢p) IN(L — ¢p) + xpa(l — ¢>A)} 1)

A
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0.5 ' . ' . T intensity beforet,, may be assigned to the fluctuations due to

' N =ss3eolt the nucleation. Note that the fluctuations due to the microgel
0.51 A ] formation could be also expected, even in the one-phase region.

—— N, =6920 In the previous papérwe considered that the solution with

0.52 ] #omso = 0.6 was quenched into the SD region, but the

R N,=1730 fluctuations due to the microgel formation hid the SD peak in

0-33 1 the LS profile. However, the interpretation by the GIPS concept
0.54 is more plausible, because it explains the observed results more

systematically.
0.5 e e 58 0 As the cross-linking reaction proceeds further, the solution

comes into the unstable SD region, in which concentration
Figure 5. Spinodal lines.«. of PVA solution with various dearee of fluctuations with a characteristic wavelength)(are enhanced
poglymerizatti))n numbem?;c,sguch as 1730, 6920, and 55360, e?re shown _to give a scatterlng pe?" Qn = 27?//\' we hav_e assigned _the
in the y—¢ phase diagram. The interaction parametds inversely incubation timety, to a time at which the solution comes into
proportional to temperatuf® The closed circles indicate critical points ~ the SD region. As shown in Figure 2, the initial scattering peak
of corresponding spinodal lines. The dotted vertical line is corresponding position Q, for the 60/40 solution is the highest in all solvent
to the polymer volume fractiorG, = 5 g/dL. compositions and shifts to Io@ value when apart from 60/40

at the lower and higher solvent ratios. It is known that the peak
fraction, andy is Flory’s interaction parametell, is the degree  position at the initial stage of phase separation in the SD region
of polymerization of PVA. In eq 1, we do not take into account s given by
the elasticity of the gel network, because we deal with the very
early state of gelation. In addition, we also neglect the solid
liquid transition due to crystallite formation, because the amount
is very small. In a strict sense, the PVA solution was a ternary
system consisting of PVA and a mixed solvent of DMSO and under the mean field approximati8hwhere Ts — T is the
water. We assume that it is simply treated as a binary systemdistance between the spinodal temperature and the annealing
of polymer and mixture solvent, because no specific interactions temperature (or the quenching depth) ands a range of
were observed in the present fraction range. An average degreenolecular interaction. This equation shows that the deeper the
of polymerization of PVA£N,) is initially 1730. The spinodal ~ quenching depth, the higher th@, value. In the present
lines ysp are calculated for various values Nf (=1730) asa  experiment, at 258C the quenching depth is determined by the
function of PVA volume fractionpa and shown in Figure 5. temperature at which the phase diagram exists. In other words,
The vertical axis ¥) corresponds to the inverse of temperature the quenching depth becomes larger as the solvent becomes
T, i.e., higherT for smallery. The calculated phase diagram is poorer. In fact, the deepest quenching depth is realizeghaio
asymmetric, becausé, is much larger than that of the solvent = 0.6, which is the poorest solvent. This is the reason why the
Ng. The spinodal lingspand the critical point respectively move  scattering peak is observed at the high@stfor the solution
upward and leftward as the degree of polymerizatidg with ¢pwso = 0.6.
increases. This is qualitatively very similar to the shiftin PIPS  As the annealing time proceeds, the peak position gradually
shown in Figure 4, indicating that PIPS could occur even in shifts to higherQ values for all the solvent compositions. For
the PVA solutions when the cross-linking reaction proceeds. the solution withgpwso = 0.6, the peak is almost independent
In this paper, it is termed gelation-induced phase separationof the annealing time, but strictly speaking, it slightly shifts to
(GIPS) hereafter. The concentration of PVA in this experiment, the higher value. Such high€ shift is unusual in the normal
Cp = 5 g/dL, is shown by a dotted vertical line in Figure 5, isothermal SD-type phase separation. As shown in Figure 5,
which corresponds tg, = 0.38 and is larger than the critical  the phase diagram gradually shifts upward and leftward with
fraction ¢4 = 0.28. This fact indicates that, when the cross- the cross-linking reaction proceeds, meaning that the quenching
linking reaction proceeds and the molecular weight increases, depth increases with annealing time. According to the eq 2, the
the GIPS always occurs in the off-critical region. In other words, peak positiorQ, gradually shifts to highe® as the quenching
the phase separation initiates in the metastable nucleation andjepth increases for the early stage of the SD-type phase
growth region (the binodal region) and then comes into the separation. This must be a cause for the h@lshift of the
unstable spinodal decomposition region, which is often termed peak position with the annealing time, at least in the early stage
nucleation-initiated spinodal decomposition (NISB§>In the of SD-type phase separation. In the late stage of usual isothermal
light-scattering experiments on the phase separation processephase separation, it is well known that the coalescence of the
of the PVA solutions in Figure 1, we observed the incubation phase-separated domains proceeds to reduce the interfacial
time tr, before the appearance of a scattering peak for all solvent energy, leading to an increase of the average domain size, and
compositions. If the solution was quenched into the SD region, the increase in the average domain size is observed in scattering
a scattering peak would be observed immediately after quench-experiments as a peak shift to lavaccording to a power law
ing, but we did not see it, even for the poorest solvent with Q,, ~ t=227 In the GIPS process, it is not known theoretically
#omso = 0.6. This suggests that the solution was quenched into how the effects of the coalescence appears. In the simulation
the one-phase region or the metastable NG region (not in thestudy of PIPS® however, it was shown that the time evolution
SD region). According to the scenario, the incubation time  of the peak positiomQy, could be described by
can be considered as the residential time of the system staying
in the stable or metastable region. Beftrewe observed the Qn~ (t—1t)" (3)
increase of the scattering intensity without showing a peak. In
the metastable NG region, the droplet nuclei are generatedAccording to the simulation study, the exponantas between
through NG-type phase separation mechanism before the SD-—1 and¥/». In the former and latter limits, the coarsening effect
type phase separation starts. The growth in the scatteringand the supercooling effect were dominant, respectively. In

A

1/2

_1 T.—T
Qn=1E @
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(a domains are formed within the initially formed large domains
) during the annealing.
T oltt '
< 2104 . £ 03 4. Conclusion
8710 : ° 04 . . .
Al ¢10% & .05 In the time-resolved light scattering measurements on the
5 10;‘00 T TR ;’Oi 510 o 16; 05)4 gelation process of PVA solutions in mixed solvent of DMSO
¢ [min] tt_[min] and water, we found that a scattering peak characteristic of the

e 6 Th  oosit otted a0aingt— ¢ in doubl SD phase separation appeared during the gelation process. For
|olgg:i(tehrﬁic fcﬁrﬁiﬁrﬁ?ﬂz!ggﬂf 03.0.4,05 0.6 and (mb)mo.é)su, 072, the PVA solution with the DMSO fractioouso = 0.6, which
0.76, 0.8. Solid lines represent the power law relation betvieand is the poores’F solvent for PVA, the phase se_paratlon kinetic was
t — tm. almost described by the theory for normal isothermal SD-type
phase separation, showing that the phase separation occurs
ost ] almost before the cross-linking reactions among PVA chains.
For other solvent compositions, on the other hand, the scattering
. peak appeared after a certain incubation time and the peak
. et position moved to highe® with the annealing time. The results
< Oy : - contradict the theoretical prediction for normal isothermal SD-
type phase separation. The results were explained in terms of
gelation-induced phase separation.

0.5} | When the PVA solution, which has UCST-type phase
R Y Y | diagram, is quenched to the one-phase region, the phase
separation, of course, does not occur. However, when the cross-
DMSO ol . . .
. . . linking reaction proceeds to increase the molecular weight, the
\'/:\)I?iléheiZ'egt(i)rlxspetdc?nmlgigilrtg) g.dependence of the expomeinteq 3, phase diagram gradually shifts to the high-temperature side, and
eventually, the PVA solution comes into the metastable region
Figure 6a,b, the peak positi@, is plotted against — ty, for (or NG region). Further progress of the cross-linking reaction
various solvent compositions in a double logarithmic form. It Makes the phase diagram shift to the higher temperature side,
was found for the PVA solutions in DMSO/water mixed solvents and finally, the PVA solution enters the unstable region (or SD

that theQ, value increased with the annealing tirte—( tn) region). Then we observe a scattering peak characteristic of the
according to the power lavQy, ~ (t — t,)" (eq 3), for all the SD-type phase separation in the light-scattering profile. After
solvent compositions. For the solution wiglhuso = 0.6, the entering the SD region, the molecular weight further increases

peak positiorQ, is almost independent of the annealing time, due to the cross-linking reaction, leading to the deeper quenching
confirming that the SD-type phase separation occurs beforedepth. This makes the peak position move to higQewith
cross-linking formation, as expected in the previous sfudy, annealing time. These GIPS phenomena were typically observed
although the slight increase in the peak positi@n indicates in the better solvent, because the phase diagram exists at a lower
that the degree of supercooling slightly increases with the temperature than that for the poorest 60/40 solvent.

progress of the cross-linking reaction. The exponentas

plotted againstppmso in Figure 7. Note that the exponent References and Notes
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