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We present synchrotron-based time-resolved small-angle x-ray scaf8Axgp) measurements of spinodal
decomposition in a covalently cross-linked N-isopropylacrylamide gel. The range of wave numbers examined
is well beyond the position of the maximum in the structure fa8(ar,t). The equilibrium structure factor is
described by the sum of a Lorentzian and a Gaussian. Following a temperature jump into the two phase region,
the scattered intensity increases with time and eventually saturates. For early times the linear Cahn-Hilliard-
Cook (CHC) theory can be used to describe the time evolution of the scattered intensity. From this analysis we
found that the growth ratR(q) is linearly dependent og?, in agreement with mean-field theoretical predic-
tions. However the Onsager transport coefficiarit)) ~q~4, which is stronger than thg dependence pre-
dicted by the mean-field theory. We found that the growth Ri{tq)>0, even though the wave numbears
probed by SAXS are greater thaf2q,, whereq,, is the position of the peak @&(q,t), also in agreement with
the mean-field predictions for a deep quench. We have also examined the range of validity of the linear CHC
theory, and found that its breakdown occurs earlier at higher wave numbers. At later times, a pinning of the
structure was observed. The relaxation to a final, microphase-separated morphology is faster and occurs earlier
at the highest wave numbers, which probe length scales comparable to the average distance between crosslinks.
[S1063-651%99)12910-9

PACS numbegps): 82.70.Gg, 64.75:g

I. INTRODUCTION fluctuations in the vicinity of a spinodal. This process of
spinodal decomposition, similar to that in polymer solutions,
Numerous studies have shown that polymer gels can urglso occurs in gels if the gel is suddenly quenched from the
dergo either a discrete or a continuous volume transitioPne-phase region to the unstable region of the phase diagram
(commonly referred to as the gel collapse or volume phas@long an isochoric path. However, the kinetics of spinodal
transition) triggered by changing temperatupe, ionic con- ~ décomposition in gels might differ from that in polymer so-
tent, or other parameters. The equilibrium aspects of the volltions because of the influence of the network elasticity on

ume phase transition have been extensively investigated. THEE growth of fluctuations. _
basic mechanism of the volume change in the gel can be Hydrogels made with N-isopropyl-acrylamids|PA) un-

described using the Flory-Huggins formulation of the poly-degélO thhist,).translition upodn hi"?‘g.rt[g]’ lbecause.t.NIITA iIS t'a
mer solution phase behavior and the theory of rubber ela -eymroepra?urlg E’I%gmiggg dizx r;rlnso?Ncl);v,ir (;rllslchaassggefr;c-
ticity. Using these ideas, Dusek and Patterfshrpredicted a P | p 9 . gels

. " curately measured and agrees with calculations based on
first-order phase transition between a concentrated phase aﬁﬁ

. ) ry-Huggins theony5]. The equilibrium structure factors
a dilute phase. Tanakg?] demonstrated the existence of and dynamics of concentration fluctuations in NIPA gels as a

critical fluctuation_s in_acrylamidg gels, and subsequent.worlfunctiOn of the degree of swelling have been extensively
led to the determination of a spinodahe curve separating g¢,died[6]. A few studies of the early stages of the spinodal
metastable and unstable regions in a mean-field phase d'aécomposition process in NIPA gels have been reported
gram in these transitions. Although, in these respects, thes 7 g, Small-angle light scatteringSALS) measurements
thermodynamic behavior is similar to the phase separation iBhow features typical of spinodal decomposition, i.e., a peak
polymer solutions, the existence of a network in the polymeiin the structure factor, which grows in intensity and shifts to
gel precludes a macroscopic phase transition into concesmaller wave numbers as the size of the phase-separated do-
trated and dilute phases; rather the system exhibits mimains increases with time. In our earlier work, using SALS
crophase separation. [8], we showed that the early time evolution of phase sepa-
The kinetics of macroscopic gel swelling/and shrinking, ration can be described in terms of the linear Cahn-Hilliard-
involving solvent absorption/and desorption, is a diffusiveCook theory.
process directly related to the viscoelastic properties of the In this paper we present small-angle x-ray scattering
system and the friction between the network and the solventSAXS) measurements on NIPA gels to examine the evolu-
with the relaxation time depending on the dimensions andion of structure on length scales comparable to the correla-
the shape of the g€B]. This macroscopic collapse occurs on tion length of solution like concentration fluctuations in the
time scales from hours to days. On the other hand, there isgel and the average distance between crosslinks in the gel.
fast kinetics associated with the growth of concentrationTo the best of our knowledge, these questions have not been
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addressed for gels, although SAXS has been used to stugitedictedA (q)~q 2 for high g. In this sameq range the
the early stages of phase separation kinetics on length scalgfsrmal concentration fluctuations in the single phase region
comparable to the radius of gyration of the polymer chaingffect the growth of concentration fluctuations in spinodal
Ry, in polymer blends and polymer solutiof#. In systems  gecomposition due to the thermal noise teftine so-called

with much slower kinetics, time-resolved small-angle neu-cook term in Eq.(1)]. Furthermore, for deep quenches,
tron scattering SANS) [10,11] has been used to probe the gjnder[16] showed that) ;<. .

time evolution of the internal scatteringe., the scattering
due to local composition fluctuations within each phase-
separated domalires well as the time-dependent scattering . EXPERIMENT

NIPA gels were polymerized at room temperature (20 °C)
by the procedure used by Shibayastaal. [6] with 7.8 g of
The early stages of spinodal decomposition have ofteriecrystallized N-isopropylacrylamid&odak Corp), 0.345 g
been analyzed using the linear Cahn-Hillard-Cq@#dC)  of methylenebisacrylamideBIS) as cross linker, and 40 mg
[12,13 description, based on the the linearization of a gen-of persulfate as an initiator dissolved in 100 mL of distilled
eralized Langevin equation. The linear CHC model has beewater. Nitrogen gas was bubbled through the solution to re-
modified by de Gennel4], Pincus[15], and Binder[16], = move the dissolved oxygen for about 10 min. 24D of tet-
using the mean-field theory of polymer blends to describe théamethylethylenediamine was added into the solution as an
time evolution of the structure factor in blends undergoingaccelerator. After the solution was completely mixed, it was
spinodal decomposition. This mean-field treatment can alsplaced into the x-ray scattering cell. The pre-gel solution was
be used for polymer solutions in a solvéa6] and may be inject between two thin flat kapton windows glued to copper
applicable to gels, since a modified Flory-Huggins free enplates before the sample turned into a gel. The sample thick-
ergy works reasonably well in describing the equilibrium ness of approximately 2 mm was maintained by using an O
behavior of the gel collapse phase transitigh ring between the kapton windows. Within half an hour, a gel
According to the CHC model a linearized equation for thewas formed at room temperature. The cloud point tempera-
time evolution of the structure factd(q,t) in a polymer ture of the sample determined by measurements of turbidity
system undergoing spinodal decomposition can be written was found to be around 34.5 °C. We found that for gels with
a fixed total monomer concentration, the cloud point depends
aS(q,t) slightly on the cross-link content, increasing from 32.8°C
ot for a sample with 0% Bl$linear polymey to 34.5 °C for the
4% sample used in this study. In a small-angle light scatter-
where A(q), the Onsager coefficient, is the Fourier trans-ing study of a NIPA gel with the same total monomer con-
form of the nonlocal mobilitykg is the Boltzmann constant, centration as used here but a lower crosslink corfi@hive
T is the temperature to which the system is quenched, anfbund the cloud point at 32.8°C and a classic spinodal be-

Il. THEORETICAL BACKGROUND

=2R(q)S(q,t)+2kgTA(q)q?, (1)

R(q) is the growth rate. havior (peak at finiteq) for a quench to 33.85°C. Samples
The solution of Eq(1) can be written of comparable compositions were used in the SANS study by
2R Shibayamaet al. [6]. The spinodal temperature of their
S(q,t) =S.(q)+[S(q,0) — S..(q)]e=™ V", (20 samples, measured by dynamic light scattering, were in the

hereS(a.0) is the initial structure factor iust aft hrange of 33-35°C. It is important to note that Shibayama
Wterti (a, )tISbI et\lnr/" |ahs ructure factor just arter a.c![uelnc et al. [6] swelled the samples in O, whereas we used our
into the unstable two phase region, aBig(q) is a virtua gels in the as-prepared state in®iwithout swelling to equi-

strudqturet fatcr;[orl_for a ?huench Into _the splr:_odal bre.g'ont'hAC'librium. Thus for a deep quench, say around 40 °C, the initial
cording to the linear theory.(q) is negative, being the rocess of phase separation in these gels will occur by the

extrapolated final collective structure .factor at the quenc echanism of spinodal decomposition.
temperature, and never reached physically. The growth rate
R(q), the Onsager coefficient(q) and the virtual structure .
factor are related to each other by B. SAXS experiment
The SAXS experiments reported here were performed at
R(a)=—ksTA(0)02S, (). (38)  the X-20C beamline of the National Synchrotron Light
Source at Brookhaven National Laboratory. This beamline is
In the low wave number regimegR;<1) typically probed jdeally suited for time-resolved measurements because it has
by light scatteringA (q) is independent ofj, and this gives g high flux multilayer monochromator capable of yielding
rise to ag-independent apparent diffusion consténtelated  over 13° photons/sec. The scattered x rays were detected
to the growth rateR(q) via R(q)=Dg?[1—g%/qZ], where  using a 2.5-cm-long linear diode array position sensitive de-
q. represents the cutoff wave number beyond which concenector with 1024 pixel§17] made by Princeton Instrument
tration fluctuations decay rather than grow. In the linearnc. The position sensitive detector made it possible to obtain
CHC theoryq, is related to the wave number of maximum a high signal-to-noise ratio in the scattered intensity with a
growth rateq,,=q./+2. However, in the highy regime signal averaging times of 1 sec. A personal computer was
probed by SAXS and SANS, several studies have shownsed to control the position sensitive detector and store the
that A(q) has a considerablg dependence in the range intensity data at each pixel. The photon energy used was 6.8
qR,=1 [9-11]. The mean-field approach of Binder keV, which corresponds to a wave-length)of 1.8 A. The
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detector was positioned approximately 95 cm away from the 200 . |
sample to obtain a maximum scattering angle of 1.5°, thus
covering a wave number range of 0.004%<q o

<0.075 A"1. The absolute incident beam intensity was o

monitored with a helium-filled chamber, and also indepen- . o 5170
dently determined by measuring the attenuated direct beam 150 | )

on the diode array detector. To measure the time evolution of ° 3259
the structure factor over thg range of interest following a
temperature jump, the intensity was averaged for 1-sec, in- | o
tervals, and these 1-sec scans were repeated over the duratiol
of the phase separation process. The empty kapton cell scat-

tering was carefully subtracted from the total scattering and & 1g0 | %u i
the scattering patterns were normalized to an absolute scale % OD
per monomer using the ion chamber current to correct for on
any change of the incident beam intensity or sample absorp- g
tion. %c\n
o
o]
IV. RESULTS AND DISCUSSION S R

A. Equilibrium structure factor

According to the mean-field theory of a polymer in the
one phase region, the structure factor of concentration fluc-
tuations at low wave numbers is given by the Ornstein-
Zernicke Lorentzian function

0.00 0.02 0.04 0.06 0.08

S.(0) (@) q[A]
S@=1 gz for aé<l 4

0.10

Here S, (0) is the extrapolated structure factor at zero angle,
and ¢ is the correlation length of the concentration fluctua-
tions. Systematic deviations from the Ornstein-Zernicke
function have been reported at l@ts in equilibrium studies 0.08
of polymer gelg6,18]. Although many attempts have been
made to account for this effect, no conclusive explanation
has been reached. Geiss##ral.[18] proposed that the equi-
librium structure factor of a gel can be described by a

0.06
Lorentzian function plus a Gaussian function,
(=2
=22 S(0) -
S(Q)=Se(0)e = T+ 72 5 @
d 0.04

The Gaussian part is associated with the solidlike contribu-
tion from the gel network, wittE denoting the average size
of the solidlike nonuniformity. The absolute equilibrium
structure factors ate temperatures 32.5 and 21.7°C are pre-  0.02
sented in Fig. (@. Figure 1b) displays the corresponding
Zimm plots. The deviation from the straight line behavior
characteristic of the Zimm plots is due to the excess scatter-
ing in the lowq range. Figure 2 is a typical fit to the mea-

L | s | s | L 1
sured structure factors using E&). 0.00 0 2 4 6 8 10
As seen in Fig. 2, this is a good description of the equi- 2 -4 ;0
librium structure factor of the gel. The paramet& (b) q [1077A4]

~200 A is independent of the temperature. Since this pa- _ :
rameter is related to the length scale of the pre-existing hetf-erFle' L. (@ Equilibrium structure factor§(q) vs g at two dif-

! : 1
erogeneities in the gel, the radius of gyration of the inhomo- e’;‘ temperaturesib) The corresponding Zimm plot§™(q)

geneities, Rgiz\/ﬁi, is approximately 340 A. This vsa
calculation is based on the Guinier approximation, accordingtructure factor at two temperatures. The values are larger
to which the Gaussian part of the structure facteexp  than those obtained by Shibayaretal. [6] using SANS.
(—qZRSi/B). On the other hand, the correlation length of theThe discrepancies are most likely due to the differgnt
concentration fluctuation§ increases a3 approacheds;. ranges of the SANS and SAXS experiments and to the fact
Table | summarizes the parameters which fit the equilibriunthat the samples they measured were swollen #® Qo
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FIG. 2. A fit to the equilibrium structure fact@(q) at 32.5°C
using Eq.(5).

slightly different final concentration$5.8% and 8.3% as
compared with our sample, which was used as prepared |
H,O at 7.8%. Another relevant length in a gel is the length
of the primary chain between two crosslinks. Assuming tha
there are two primary chains per BIS monomer we determin:
the molecular weighM,, of the primary chain for the NIPA
gel used in this study to be approximately 1850 Daltons. FiG. 3. (a) The structure factoB(q,t) vsq at different timeg as
Kubotaet al.[19] showed that the radius of gyratid; (in  indicated, following a quench from 21.7 to 42.5 °C. The values of
A) for NIPA is related to the molecular weight bRg time indicated on the different scans are obtained after subtracting
=0.22M2%*, This givesRg=12.7 A, which is much smaller the time for the sample to reach the final temperat(peS(q,t) vs

than the correlation lengtl§ in the temperature range of tat different wave numbers, as indicated for the same quench as in
interest ¢~8Rg at 21.7°C, and~10Rg at 32.5°C), and 3(a. The solid lines are fit to Eq2). The data was fit over the time

16 t|mes Sma"er than the S|ze of the heterogene|t|es i,ipterval where the linear theory is Valid, which was estimated by the
the gel. linear region ofdS(q,t)/dt vs S(q,t). This fitting time interval for

the wave numbers indicated in the figure is from 0 to 80 s. The
arrows indicate the breakdown of the CHC fit due to the onset of
non-linearities.

We performed a temperature jump from room tempera-

ture T;=21.7°C t0T;=42.5°C. The temperature stabilized sjtion on the quench temperature in time-resolved SALS ex-
to less than+0.2 °C within 75 sec. In all subsequent discus- heriments of NIPA gel§8], we estimate the peak position to
sion and figures, this equilibration time has been subtractegq i the vicinity ofg,,=0.3 um~* for a quench to 42°C

so thatt=0 corresponds to the time when the sample reachesgresponding to micrometer size phase-separated domains.
the final temperature. From the dependence of the peak p&ince SAXS and SANS measurements probe wave numbers
much higher than those covered in SALS (#0A "1<q
<10 ° A~1), only the highq tail of the structure factor’s
peak following a quench into the spinodal is observed in the

(b) tls]

B. Spinodal decomposition kinetics

TABLE |. Equilibrium structural parameters of 7.8% NIPA gel.

o 1.(0) €A 1s(0) =(A) SAXS experiment, as shown in Fig(a@. Figure 3a) shows
21.7 93.0 97.6 114.7 184.4 a clear growth of the intensity at these much higher wave
325 167.6 130.0 221.0 197.8 numbers, corresponding to distance scales ranging Rgm

of the primary chain in the gel to about twice the correlation
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length in the gel. Thus the growth in the SAXS intensity is aheterogeneity. Since this is very small, except at the lowest
measure of internal scattering from concentration fluctuatwo or threeg-values, the results are unchanged except at
tions within the domains. these lowest wave numbers.

Figure 3b) shows the time evolution of the structure fac- As seen in Fig. @), the fit to the CHC equation breaks
tor at three different wave numbers following the quench todown after some time. The time at which it breaks down is
42 °C. Since the zero of time is taken as the time at whichrelated to the onset of nonlinearities due to coupling of fluc-
the sample’s temperature has equilibrated, these data reprerations of different wave numbers. The arrows in Fig)3
sent the isothermal time evolution of the structure factorindicate that the onset of nonlinearities occurs earlier at
After an initial exponential growth seen at all the wave num-higher wave numbers, in agreement with recent theoretical
bers, the structure factor appears to saturate. The saturatipnedictions of Grosgt al. [21].
occurs earlier at the high wavenumbers than at low wave-
numbers. In fact very little growth is seen at the highest D. g dependence of growth rate,
wave numbers, which correspond to length scales compa- virtual structure factor, and mobility

rable to the _primary chgin in the gel. In the following we The growth rates(q) obtained from the exponential fit
separately discuss the time evolution at the early stages ang, plotted as function ad? for different quench tempera-

the behavior in the vicinity of the final saturation. tures in Fig. 4a). Throughout the wave number range we
_ _ o studied, an approximate linear behaviordf is observed,
C. Linear CHC analysis of early stage kinetics i.e., R(q)~A—Bg? whereA andB are constants. A linear

The exponential growth seen at early times can be anslépendence oR(q) on 9’ is in agreement with Binder's
lyzed within the framework of the linear CHC theory. We fit Prediction[16] using mean-field arguments for spinodal de-
the time evolution of the structure factor at fixed wave num-cOmposition in polymer blends. Since the modified Flory-
ber directly to the exponential form of E) in the early —Huggins free energy for the polymer gel is similar to the free
stage, as shown in Fig.(1. Both R(q) andS.(q) are di- €nergy in the polymer blend and the internal polymer dy-
rectly obtained as fitting parameters, and the Onsager coefl@mics in a gel are not likely to be different than in either a
ficient A(q) can be calculated by E¢3). In fitting data one semidilute sc_>|u_t|on or an.enta.\ngled melt, it is not surprising
has to be careful about the limited applicability of the CHC 0 observe similar behaviors in gels and blends.
approach, and this requires a determination of the linear re- The positive sign oR(q) in this q range indicates that the
gion before the fit is carried out. We determined the lineacconcentration fluctuations probed here grow following a
region by evaluating the derivatives(q,t)/dt at fixed wave queqch into the _unstable region. As mentioned earlier, ac-
numberq and plottingdS(q,t)/at versusS(q,t) with timet ~ cording to the linear CHC theory the growth ralR{q)
as an implicit variable. As seen from E€L), this plot can changes from positive to negative fQr-qc, with q. repre-
directly be used to estimate the growth r&éq) and the Senting the crossover wave number beyond whlch concentra-
Onsager coefficient\(q) from the slope and intercept, re- tion fluctuations relax mstead2 of exponentlally growing.
spectively. However, since derivatives amplify any noise inFrom the graph oR(q) versusa-, we obtain the crossover
the original data, we preferred to fit the origir®(q,t) data Wave number ag:=0.1 A%, Theories of spinodal decom-
versust over the linear region determined from the derivativePOSition suggest thai.~1/¢_, where the correlation length
analysis. As a further test of the reliability of our fitting ¢~ at & given temperature difference from the spinalial
procedure, we also analyzed our data using the “1/3 power 11— Ts in the two phase region can be related to the cor-
plot” proposed by Sato and Hd20]. This approach works relation length¢ meafsured in the one phasg region at the
only whenR(qg)t<1. All three methods give similar values Same temperature difference from the spinodal &y
for the parameterR(q) andS..(q) for thoseg-values where ~ =0.524 . (Ising mode}. From the work of Shibayamet al.
all methods could be reliably applied. In the remainder ofl6] and our measurement of the equilibrium structure factor
this discussion, we use the results of the direct fit to thet 21°C, we estimate that, lies in the range 50-100 A at
exponentia| form in EQ(Z). 28°C, which givesg_m25—50 A>1/qc at 42 °C. This dis-

A further issue in the data analysis concerns how tocrepancy between the crossover wave number and the CHC
handle the pre-existing inhomogeneities modeled by th@rediction of 1£ has also been observed in time-resolved
Gaussian term in the equilibrium structure fackgq. (5)]. SANS studies of spinodal decomposition kinetics in polymer
The key issue here is whether concentration fluctuations dulends[10,11). The crossover wave numbeg in the linear
to pre-existing heterogeneities are amplified during the miCHC theory is related to the peak position of scattering
crophase separation process. The answer is unclear. Howaximum qgvia g.= \/Eqm. At the value of qp
ever, the Langevin equation on which the Cahn-Hilliard=0.07 A~* predicted by this relationship, we do not observe
model is based, and from which most of the relevant kineticany peak in the SAXS data. As mentioned earlier, the peak in
theory is derived, makes no distinction between thermal conthe scattering lies in the SALS region, at a much lower wave
centration fluctuations present at the time when the quench Bumber than probed by the SAXS experiments. Our obser-
initiated and other kinds of concentration fluctuations. How-vation thatg,,<q. is consistent with the prediction of Binder
ever, in order to test how sensitive our results are to thi§7], where he found thag,,=q.//2 holds only for shallow
question, we have also performed a CHC analysis with theuuenches whereas for deep quenaohgsq.. Interestingly,
preexisting heterogeneities subtracted out. This subtractiowe find thatg,Ry,~1; whether this is a coincidence or a
affects onlyS..(q) not R(q). In fact S..(q) is simply de- reflection of the role of chains between cross-links in the
creased by the magnitude of the initial scattering due to th@rocess of the phase separation can be determined by exam-



4478 LIAO, XIE, LUDWIG, BANSIL, AND GALLAGHER PRE 60

0.016
100.0 H
0.012 —
10.0
- _
W T
= 5
c —
F D
0.008 =
1.0
0.004 : ' - ' - 0.1 b - S
0.000 0.002 0.004 0.006 0.01 0.10
(@) a2 [A2 (b) qlA]
10000 T
1000 |- i
,:__'
[/}
N
<
[ ) 100 | -
m B ]
=
T
<
10 3 =
1 n L n L " h PR
0.01 0.10
© qlA™]

FIG. 4. (a) The growth rateR(q) vs g° calculated from the CHC fit. The solid line is the best linear fit to the daaA log-log plot
showing theq dependence of the magnitude of the virtual structure faetBr(q) evaluated from the CHC fit. The line with the slope of

—2 is drawn as a guide to the ey®) The Onsager coefficiemi (q)kgT vs g calculated from Eq(3). The best fit of the data gives
A(g)~q %, as shown by the solid line.

ining samples with different cross-link concentrations, whichvirtual structure factor scales asS..(q)~q~ 2, whereas the
is beyond the scope of the present paper. Onsager coefficient scales A$q)~q~ 4, as shown in Figs.
The q dependence of the virtual structure factor was ob-4(b) and 4c), respectively. It is important to point out that
tained from the fit ofS(q,t) at fixed values of. The On-  using our empirical observations f&(q)~A—Bg? with A
sager coefficient was then calculated from Eg). As ex- >Bg? and —S.(q)~q 2 in Eq. (3) we obtain A(q)
pected for a quench into the spinodal region, the virtuak-Aq %*—Bq 2. Theq * behavior seen in Fig.(d) repre-
structure factor is negative. We find that the magnitude of theents the leading factor at smal's; the correction term
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structure factor. The negative slope of this line indicates an
5 00075 A" i exponential relaxation rate of K(q) with which the struc-
5 00148 A" ] ture factor approaches the final saturation limit. This is in
0.0221 A"t contrast to the positive exponential growth r&), which
describes the growth of fluctuations at early times. As ex-
pected, the late-stage relaxation obviously breaks down at
early times; the lines in Fig. 5 indicate the range of validity
of this late-stage exponential relaxation regime. We find that
the higher the wave number the faster is the saturation pro-
cess, i.e.K(q) increases with increasing wavenumip€ee
Fig. 6(@)]. A simple reason for this may be that at the highest
wave numbers we observe scattering on length scales com-
parable to the average distance between the tetra-functional
100 ‘ 150 ‘ 200 BIS cross-links. If the saturation represents pinning due to
t[s] the presence of the gel mesh, then one might expect a faster
pinning at these length scales and slower relaxation to a
FIG. 5. The same experimental data as in Fif) &re plotted as  pinned morphology at distances larger than the gel mesh.
Shinal(0,t) — S(q,t) on a logarithmic scale visto show the effects of ~ Similar pinning effects have been reported in gels where ge-
saturation at late time. The straight lines indicate a regime wher¢ation and spinodal decomposition occur simultaneously.
the data can be described as approaching the final saturation limBansil et al. [22] observed exponential saturation in the
via an exponential relaxation process. physical gel of gelatin quenched to a temperature in the two
phase region, where it undergoes phase separation and gela-
Bqg 2 is relatively small except at large wave numbers,tion simultaneously. Asnagtet al. [23] investigated the po-
where the uncertainity in the data analysis is large. We alstymerization of polyacrylamide gels with a high BIS cross-
note that, over the measured wave number raiy€q) link content. In this system, as the polymerization proceeds,
changes by almost a factor of 25, wherd&g]) changes microphase separation of highly cross-linked clusters occurs.
only by a factor of 2. The strong dependence of the On- Turbidity measurements show an exponential saturation cor-
sager coefficientA (q)~q~* was also observed in SAXS responding to the pinning of the microphase-separated do-
studies of polystyrene-dioctylphthalate solutions undergoingnains.
spinodal decomposition. However, in polymer blends, Theqg-dependence d&;,, is shown in Fig. ). It can be
A(g)~q~? has been observgd0,11], which is consistent described asymptotically as a Lorentzian with a negative in-
with theoretical predictions of polymer chain dynamij@s. tercept at zeray. This would indicate that the structure is
There is no theoretical explanation for such a strong pinned in a nonequilibrium morphology. We note that while
dependence of the nonlocal mobility. Perhaps the spinodahe virtual structure facto®., is negative see Fig. 4b)], the
decomposition is enhanced by pre-existing inhomogeneitiefinal structure factorS;,,, is positive over the entire mea-
in the gel, which give rise to the stronggdependence. This suredq range. The structure factd(q,t) can be decom-
might also explain why the peak in the SALS data is at muctposed into two  contributions, S(q,t)=Sep(q,t)
smaller wave numbers thanélas predicted theoretically. + Sintemald,t), Where Sgp arises from the interference be-
tween growing spinodally decomposed domains 8pdnal
E. Saturation of structure factor at late times arises from the local composition fluctuatiof®]. At late

At late stages there is a significant difference in the time!mes, in the regiom> g, the contribution from the growing

evolution ofS(q,t) for the gel as compared to either a semi- domains beco_r_nes negligible_, and th_e s_cattering from the lo-
dilute solution[9] or a blend[11]. In the latter cases the cal composition flugtuat|ons .W'thm the domaln_s,
scattered intensity at fixeq's decreases after some time asS‘”te’”a(q’t)’ is the dominant contribution. If the system is

the peak inS(q,t) shifts closer to zero and the peak narrows..CormjletEIy separated into two equilibrium states, then the

This is a direct consequence of the coarsening of domains éqternal scattering from the system is the sum of the scatter-

late times. In contrast to these observations we find that at a'l?g from the local fluctuations of two kinds of domains, both

theq’s examined here the structure factor approaches a satd which have reached equilibrium states and thus give a

ration limit S, at late times. We know of no theoretical positive intercept for the Zimm plot. This was observed in
i . . 2
model which fits the time evolution &(q,t) over the entire the SANS experiment on the phase separation in a polymer

NS . ) . lend[24]. In contrast to this behavior, we observe a nega-
time interval of this experiment. We have examined severa]. ~ . - S :
empirical forms to describe the later stages of the time evos o Intercept in Fig. ), |nd|cat|ng_th_at at Ieast_one kind O.f
lution leading to the saturation. We found that the approacﬁjomam has not .reachgd the equilibrium state in the gel, i.e.,
to the saturation limit can be described reasonably well as atnhe system s pinned in a locally no.neqwhbrlum. morphol-
exponential relaxation. We estimat&g,, by averaging the O?)é'OF’g\Ofm F'hg.' Gb).’ Wehcan also obta|(;1 a correlation length
last 10—15 data points. This procedure works well for the” or this microphase-separated structure.

higherq values. At the loweq’s, there is some disagreement
at the longest times, since the structure factor is still evolving
slowly. As shown in Fig. 5, the linearity in the semi-log plot ~ As mentioned previously, we have also analyzed SALS
of [ Sxinal(q) — S(q,t)] versust at late times is clearly consis- data on the kinetics of spinodal decomposition in NIPA gels

tent with an exponential relaxation to the final [8] using the CHC theory. Since these two techniques cover

1000

Sfinal-S(a:t)

F. Comparison of SALS and SAXS results on kinetics
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0.035 cross-link contents and different quench depths, only quali-
tative features can be compared. The most striking difference
between these two measurements is that in the SALS data
the structure factor shows a clear peak following a quench
into the spinodal region, indicating that the characteristic do-
main sizes are in the range of micrometers. The SAXS data
do not show a peak since they probe the time evolution of
structure within these phase separating domains. The time
evolution is much faster in the SAXS regime, in agreement
with the usual observation of faster kinetics at smaller length
scales. CHC analysis indicates that in both cases a positive
growth rate was observed. Tlyedependence of the param-
eters is different in the two regimes. The growth rate is
R(q)~q? in SAXS, andR(q)/g?~q? in SALS. The mobil-
ity A(q) is ~q * in the SAXS regime, whereas it is inde-
pendent ofy in the SALS regime. The independence of the
mobility and theq dependence of the growth rate for SALS
are in accord with the mean-field predictions of Binf&s].
We know of no theoretical explanation of the obsenced
dependence of the SAXS results reported here. For both
0.015 . ! . ! . SALS and SAXS the linear CHC theory breaks down earlier
0.000 0.002 0.004 0.006 at higher wave numbers; at the much higher wave numbers
2 (A2 probed by SAXS this occurs around 100 s, whereas for
SALS the linear theory holds for longer times, breaking
0.025 down after approximately 500 s.

0.030

0.025

K(q) [s

0.020

0.020 V. CONCLUSIONS

We have performed time-resolved SAXS measurements
on a chemically cross-linked gel to examine the earliest steps
in the volume collapse transition on length scales compa-
rable to the average distance between cross-links and the
correlation length of the gel. Our data show that the equilib-
rium structure factors seen in SAXS are in qualitative agree-
ment with those reported from previous SANS studies of
NIPA gels. We find that the early stages of the time evolu-
tion following a quench into the two phase spinodal region
are in general agreement with the linear theory predictions.
Whereas the quadratgcdependence of the growth rate is in
agreement with the mean-field predictions of Bindes], the
growth rate remains positive for wavenumbers considerably
higher than 14. We also observe an unusually strongle-
pendence of the mobilityA(q)~q %, a result for which
| | ‘ | . there i_s as yet no theoretical explanation. In contra;t to the

0002 o0 0.002 0008 0006 behavior of semidilute solutions and blends, at late times we
P observe a pinning of the structure factor. This relaxation to a

®) q“[A™] final, microphase-separated morphology is faster and occurs
earlier at the higher wave numbers, which probe length

FIG. 6. (&) The wave number dependence of the relaxation rate | ble to the dist bet link
K(q). (b) The Zimm plot of the saturated intensif;%(q) vs 7, scales comparable to the distance between cross-links, sug-

showing a clear negative interceptagt O, implying that the struc- gesting that the microphase-separated morphology is pinned

ture of the gel is pinned in a microphase-separated, nonequilibriurﬁt these length scales first.
state.

0.015

0.010 4

Sfinal '(a)

0.005 +
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