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Small-angle x-ray scattering study of kinetics of spinodal decomposition
in N-isopropylacrylamide gels

Guangdong Liao,1 Yonglin Xie,1,2 and Karl F. Ludwig, Jr.,1 Rama Bansil,1 and Patrick Gallagher1,3

1Center for Polymer Studies and Department of Physics, Boston University, Boston, Massachusetts 02215
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3National Institute of Standards and Technology, Gaithersburg, Maryland
~Received 30 December 1998!

We present synchrotron-based time-resolved small-angle x-ray scattering~SAXS! 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 factorS(q,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 rateR(q) is linearly dependent onq2, in agreement with mean-field theoretical predic-
tions. However the Onsager transport coefficientL(q);q24, which is stronger than theq dependence pre-
dicted by the mean-field theory. We found that the growth rateR(q).0, even though the wave numbersq
probed by SAXS are greater thanA2qm whereqm is the position of the peak ofS(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.
@S1063-651X~99!12910-6#

PACS number~s!: 82.70.Gg, 64.75.1g
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I. INTRODUCTION

Numerous studies have shown that polymer gels can
dergo either a discrete or a continuous volume transi
~commonly referred to as the gel collapse or volume ph
transition! triggered by changing temperature,pH, ionic con-
tent, or other parameters. The equilibrium aspects of the
ume phase transition have been extensively investigated.
basic mechanism of the volume change in the gel can
described using the Flory-Huggins formulation of the po
mer solution phase behavior and the theory of rubber e
ticity. Using these ideas, Dusek and Patterson@1# predicted a
first-order phase transition between a concentrated phase
a dilute phase. Tanaka@2# demonstrated the existence
critical fluctuations in acrylamide gels, and subsequent w
led to the determination of a spinodal~the curve separating
metastable and unstable regions in a mean-field phase
gram! in these transitions. Although, in these respects,
thermodynamic behavior is similar to the phase separatio
polymer solutions, the existence of a network in the polym
gel precludes a macroscopic phase transition into con
trated and dilute phases; rather the system exhibits
crophase separation.

The kinetics of macroscopic gel swelling/and shrinkin
involving solvent absorption/and desorption, is a diffusi
process directly related to the viscoelastic properties of
system and the friction between the network and the solv
with the relaxation time depending on the dimensions a
the shape of the gel@3#. This macroscopic collapse occurs o
time scales from hours to days. On the other hand, there
fast kinetics associated with the growth of concentrat
PRE 601063-651X/99/60~4!/4473~9!/$15.00
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fluctuations in the vicinity of a spinodal. This process
spinodal decomposition, similar to that in polymer solution
also occurs in gels if the gel is suddenly quenched from
one-phase region to the unstable region of the phase diag
along an isochoric path. However, the kinetics of spino
decomposition in gels might differ from that in polymer s
lutions because of the influence of the network elasticity
the growth of fluctuations.

Hydrogels made with N-isopropyl-acrylamide~NIPA! un-
dergo this transition upon heating@4#, because NIPA is a
hydrophobic polymer and exhibits a lower critical solutio
temperature. The phase diagram of NIPA gels has been
curately measured and agrees with calculations based
Flory-Huggins theory@5#. The equilibrium structure factors
and dynamics of concentration fluctuations in NIPA gels a
function of the degree of swelling have been extensiv
studied@6#. A few studies of the early stages of the spinod
decomposition process in NIPA gels have been repo
@5,7,8#. Small-angle light scattering~SALS! measurements
show features typical of spinodal decomposition, i.e., a p
in the structure factor, which grows in intensity and shifts
smaller wave numbers as the size of the phase-separate
mains increases with time. In our earlier work, using SA
@8#, we showed that the early time evolution of phase se
ration can be described in terms of the linear Cahn-Hillia
Cook theory.

In this paper we present small-angle x-ray scatter
~SAXS! measurements on NIPA gels to examine the evo
tion of structure on length scales comparable to the corr
tion length of solution like concentration fluctuations in th
gel and the average distance between crosslinks in the
To the best of our knowledge, these questions have not b
4473 © 1999 The American Physical Society
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4474 PRE 60LIAO, XIE, LUDWIG, BANSIL, AND GALLAGHER
addressed for gels, although SAXS has been used to s
the early stages of phase separation kinetics on length s
comparable to the radius of gyration of the polymer cha
Rg , in polymer blends and polymer solutions@9#. In systems
with much slower kinetics, time-resolved small-angle ne
tron scattering~SANS! @10,11# has been used to probe th
time evolution of the internal scattering~i.e., the scattering
due to local composition fluctuations within each pha
separated domain! as well as the time-dependent scatteri
from the growing domains.

II. THEORETICAL BACKGROUND

The early stages of spinodal decomposition have o
been analyzed using the linear Cahn-Hillard-Cook~CHC!
@12,13# description, based on the the linearization of a g
eralized Langevin equation. The linear CHC model has b
modified by de Gennes@14#, Pincus@15#, and Binder@16#,
using the mean-field theory of polymer blends to describe
time evolution of the structure factor in blends undergo
spinodal decomposition. This mean-field treatment can a
be used for polymer solutions in a solvent@16# and may be
applicable to gels, since a modified Flory-Huggins free
ergy works reasonably well in describing the equilibriu
behavior of the gel collapse phase transition@5#.

According to the CHC model a linearized equation for t
time evolution of the structure factorS(q,t) in a polymer
system undergoing spinodal decomposition can be writte

]S~q,t !

]t
52R~q!S~q,t !12kBTL~q!q2, ~1!

where L(q), the Onsager coefficient, is the Fourier tran
form of the nonlocal mobility,kB is the Boltzmann constant
T is the temperature to which the system is quenched,
R(q) is the growth rate.

The solution of Eq.~1! can be written

S~q,t !5S`~q!1@S~q,0!2S`~q!#e2R(q)t, ~2!

whereS(q,0) is the initial structure factor just after a quen
into the unstable two phase region, andS`(q) is a virtual
structure factor for a quench into the spinodal region. A
cording to the linear theory,S`(q) is negative, being the
extrapolated final collective structure factor at the quen
temperature, and never reached physically. The growth
R(q), the Onsager coefficientL(q) and the virtual structure
factor are related to each other by

R~q!52kBTL~q!q2S`
21~q!. ~3!

In the low wave number regime (qRg!1) typically probed
by light scatteringL(q) is independent ofq, and this gives
rise to aq-independent apparent diffusion constantD related
to the growth rateR(q) via R(q)5Dq2@12q2/qc

2#, where
qc represents the cutoff wave number beyond which conc
tration fluctuations decay rather than grow. In the line
CHC theoryqc is related to the wave number of maximu
growth rate qm5qc /A2. However, in the high-q regime
probed by SAXS and SANS, several studies have sho
that L(q) has a considerableq dependence in the rang
qRg>1 @9–11#. The mean-field approach of Binde
dy
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predictedL(q);q22 for high q. In this sameq range the
thermal concentration fluctuations in the single phase reg
affect the growth of concentration fluctuations in spinod
decomposition due to the thermal noise term@the so-called
Cook term in Eq.~1!#. Furthermore, for deep quenche
Binder @16# showed thatqm!qc .

III. EXPERIMENT

A. Sample preparation

NIPA gels were polymerized at room temperature (20 °
by the procedure used by Shibayamaet al. @6# with 7.8 g of
recrystallized N-isopropylacrylamide~Kodak Corp.!, 0.345 g
of methylenebisacrylamide~BIS! as cross linker, and 40 mg
of persulfate as an initiator dissolved in 100 mL of distille
water. Nitrogen gas was bubbled through the solution to
move the dissolved oxygen for about 10 min. 240mL of tet-
ramethylethylenediamine was added into the solution as
accelerator. After the solution was completely mixed, it w
placed into the x-ray scattering cell. The pre-gel solution w
inject between two thin flat kapton windows glued to copp
plates before the sample turned into a gel. The sample th
ness of approximately 2 mm was maintained by using an
ring between the kapton windows. Within half an hour, a g
was formed at room temperature. The cloud point tempe
ture of the sample determined by measurements of turbi
was found to be around 34.5 °C. We found that for gels w
a fixed total monomer concentration, the cloud point depe
slightly on the cross-link content, increasing from 32.8 °
for a sample with 0% BIS~linear polymer! to 34.5 °C for the
4% sample used in this study. In a small-angle light scat
ing study of a NIPA gel with the same total monomer co
centration as used here but a lower crosslink content@8# we
found the cloud point at 32.8 °C and a classic spinodal
havior ~peak at finiteq) for a quench to 33.85 °C. Sample
of comparable compositions were used in the SANS study
Shibayamaet al. @6#. The spinodal temperature of the
samples, measured by dynamic light scattering, were in
range of 33–35 °C. It is important to note that Shibaya
et al. @6# swelled the samples in D2O, whereas we used ou
gels in the as-prepared state in H2O without swelling to equi-
librium. Thus for a deep quench, say around 40 °C, the ini
process of phase separation in these gels will occur by
mechanism of spinodal decomposition.

B. SAXS experiment

The SAXS experiments reported here were performed
the X-20C beamline of the National Synchrotron Lig
Source at Brookhaven National Laboratory. This beamline
ideally suited for time-resolved measurements because it
a high flux multilayer monochromator capable of yieldin
over 1013 photons/sec. The scattered x rays were detec
using a 2.5-cm-long linear diode array position sensitive
tector with 1024 pixels@17# made by Princeton Instrumen
Inc. The position sensitive detector made it possible to ob
a high signal-to-noise ratio in the scattered intensity with
signal averaging times of 1 sec. A personal computer w
used to control the position sensitive detector and store
intensity data at each pixel. The photon energy used was
keV, which corresponds to a wave-length ofl51.8 Å. The
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detector was positioned approximately 95 cm away from
sample to obtain a maximum scattering angle of 1.5°, t
covering a wave number range of 0.004 Å21,q
,0.075 Å21. The absolute incident beam intensity w
monitored with a helium-filled chamber, and also indepe
dently determined by measuring the attenuated direct b
on the diode array detector. To measure the time evolutio
the structure factor over theq range of interest following a
temperature jump, the intensity was averaged for 1-sec
tervals, and these 1-sec scans were repeated over the du
of the phase separation process. The empty kapton cell
tering was carefully subtracted from the total scattering a
the scattering patterns were normalized to an absolute s
per monomer using the ion chamber current to correct
any change of the incident beam intensity or sample abs
tion.

IV. RESULTS AND DISCUSSION

A. Equilibrium structure factor

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

SL~q!5
SL~0!

11j2q2 for qj!1. ~4!

HereSL(0) is the extrapolated structure factor at zero ang
and j is the correlation length of the concentration fluctu
tions. Systematic deviations from the Ornstein-Zernic
function have been reported at lowq8s in equilibrium studies
of polymer gels@6,18#. Although many attempts have bee
made to account for this effect, no conclusive explanat
has been reached. Geissleret al. @18# proposed that the equi
librium structure factor of a gel can be described by
Lorentzian function plus a Gaussian function,

S~q!5SG~0!e2J2q2
1

SL~0!

11j2q2 . ~5!

The Gaussian part is associated with the solidlike contri
tion from the gel network, withJ denoting the average siz
of the solidlike nonuniformity. The absolute equilibrium
structure factors ate temperatures 32.5 and 21.7 °C are
sented in Fig. 1~a!. Figure 1~b! displays the correspondin
Zimm plots. The deviation from the straight line behavi
characteristic of the Zimm plots is due to the excess sca
ing in the lowq range. Figure 2 is a typical fit to the mea
sured structure factors using Eq.~5!.

As seen in Fig. 2, this is a good description of the eq
librium structure factor of the gel. The parameterJ
;200 Å is independent of the temperature. Since this
rameter is related to the length scale of the pre-existing
erogeneities in the gel, the radius of gyration of the inhom
geneities, Rgi5A3J, is approximately 340 Å. This
calculation is based on the Guinier approximation, accord
to which the Gaussian part of the structure factor;exp
(2q2Rgi

2 /3). On the other hand, the correlation length of t
concentration fluctuationsj increases asT approachesTs .
Table I summarizes the parameters which fit the equilibri
e
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gstructure factor at two temperatures. The values are la
than those obtained by Shibayamaet al. @6# using SANS.
The discrepancies are most likely due to the differenq
ranges of the SANS and SAXS experiments and to the
that the samples they measured were swollen in D2O to

FIG. 1. ~a! Equilibrium structure factorsS(q) vs q at two dif-
ferent temperatures.~b! The corresponding Zimm plotsS21(q)
vs q2.
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slightly different final concentrations~5.8% and 8.3% as
compared with our sample, which was used as prepare
H2O at 7.8%!. Another relevant length in a gel is the leng
of the primary chain between two crosslinks. Assuming t
there are two primary chains per BIS monomer we determ
the molecular weightMw of the primary chain for the NIPA
gel used in this study to be approximately 1850 Dalto
Kubotaet al. @19# showed that the radius of gyrationRG ~in
Å! for NIPA is related to the molecular weight byRG

50.22Mw
0.54. This givesRG512.7 Å, which is much smalle

than the correlation lengthj in the temperature range o
interest (j;8RG at 21.7 °C, andj;10RG at 32.5 °C), and
16 times smaller than the size of the heterogeneities
the gel.

B. Spinodal decomposition kinetics

We performed a temperature jump from room tempe
ture Ti521.7 °C toTf542.5 °C. The temperature stabilize
to less than60.2 °C within 75 sec. In all subsequent discu
sion and figures, this equilibration time has been subtrac
so thatt50 corresponds to the time when the sample reac
the final temperature. From the dependence of the peak

FIG. 2. A fit to the equilibrium structure factorS(q) at 32.5 °C
using Eq.~5!.

TABLE I. Equilibrium structural parameters of 7.8% NIPA gel

T (°C) I L(0) j(Å) I G(0) J(Å)

21.7 93.0 97.6 114.7 184.4
32.5 167.6 130.0 221.0 197.8
in
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sition on the quench temperature in time-resolved SALS e
periments of NIPA gels@8#, we estimate the peak position t
be in the vicinity ofqm50.3 mm21 for a quench to 42 °C,
corresponding to micrometer size phase-separated doma
Since SAXS and SANS measurements probe wave numb
much higher than those covered in SALS (1024 Å 21,q
,1025 Å 21), only the high-q tail of the structure factor’s
peak following a quench into the spinodal is observed in t
SAXS experiment, as shown in Fig. 3~a!. Figure 3~a! shows
a clear growth of the intensity at these much higher wa
numbers, corresponding to distance scales ranging fromRG
of the primary chain in the gel to about twice the correlatio

FIG. 3. ~a! The structure factorS(q,t) vs q at different timest as
indicated, following a quench from 21.7 to 42.5 °C. The values
time indicated on the different scans are obtained after subtrac
the time for the sample to reach the final temperature.~b! S(q,t) vs
t at different wave numbers, as indicated for the same quench a
3~a!. The solid lines are fit to Eq.~2!. The data was fit over the time
interval where the linear theory is valid, which was estimated by t
linear region of]S(q,t)/]t vs S(q,t). This fitting time interval for
the wave numbers indicated in the figure is from 0 to 80 s. T
arrows indicate the breakdown of the CHC fit due to the onset
non-linearities.
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length in the gel. Thus the growth in the SAXS intensity is
measure of internal scattering from concentration fluct
tions within the domains.

Figure 3~b! shows the time evolution of the structure fa
tor at three different wave numbers following the quench
42 °C. Since the zero of time is taken as the time at wh
the sample’s temperature has equilibrated, these data re
sent the isothermal time evolution of the structure fact
After an initial exponential growth seen at all the wave nu
bers, the structure factor appears to saturate. The satur
occurs earlier at the high wavenumbers than at low wa
numbers. In fact very little growth is seen at the high
wave numbers, which correspond to length scales com
rable to the primary chain in the gel. In the following w
separately discuss the time evolution at the early stages
the behavior in the vicinity of the final saturation.

C. Linear CHC analysis of early stage kinetics

The exponential growth seen at early times can be a
lyzed within the framework of the linear CHC theory. We
the time evolution of the structure factor at fixed wave nu
ber directly to the exponential form of Eq.~2! in the early
stage, as shown in Fig. 3~b!. Both R(q) and S`(q) are di-
rectly obtained as fitting parameters, and the Onsager c
ficient L(q) can be calculated by Eq.~3!. In fitting data one
has to be careful about the limited applicability of the CH
approach, and this requires a determination of the linear
gion before the fit is carried out. We determined the line
region by evaluating the derivative]S(q,t)/]t at fixed wave
numberq and plotting]S(q,t)/]t versusS(q,t) with time t
as an implicit variable. As seen from Eq.~1!, this plot can
directly be used to estimate the growth rateR(q) and the
Onsager coefficientL(q) from the slope and intercept, re
spectively. However, since derivatives amplify any noise
the original data, we preferred to fit the originalS(q,t) data
versust over the linear region determined from the derivati
analysis. As a further test of the reliability of our fittin
procedure, we also analyzed our data using the ‘‘1/3 po
plot’’ proposed by Sato and Han@20#. This approach works
only whenR(q)t,1. All three methods give similar value
for the parametersR(q) andS`(q) for thoseq-values where
all methods could be reliably applied. In the remainder
this discussion, we use the results of the direct fit to
exponential form in Eq.~2!.

A further issue in the data analysis concerns how
handle the pre-existing inhomogeneities modeled by
Gaussian term in the equilibrium structure factor@Eq. ~5!#.
The key issue here is whether concentration fluctuations
to pre-existing heterogeneities are amplified during the
crophase separation process. The answer is unclear. H
ever, the Langevin equation on which the Cahn-Hillia
model is based, and from which most of the relevant kine
theory is derived, makes no distinction between thermal c
centration fluctuations present at the time when the quenc
initiated and other kinds of concentration fluctuations. Ho
ever, in order to test how sensitive our results are to
question, we have also performed a CHC analysis with
preexisting heterogeneities subtracted out. This subtrac
affects onlyS`(q) not R(q). In fact S`(q) is simply de-
creased by the magnitude of the initial scattering due to
-
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heterogeneity. Since this is very small, except at the low
two or threeq-values, the results are unchanged excep
these lowest wave numbers.

As seen in Fig. 3~b!, the fit to the CHC equation break
down after some time. The time at which it breaks down
related to the onset of nonlinearities due to coupling of flu
tuations of different wave numbers. The arrows in Fig. 3~b!
indicate that the onset of nonlinearities occurs earlier
higher wave numbers, in agreement with recent theoret
predictions of Grosset al. @21#.

D. q dependence of growth rate,
virtual structure factor, and mobility

The growth ratesR(q) obtained from the exponential fi
are plotted as function ofq2 for different quench tempera
tures in Fig. 4~a!. Throughout the wave number range w
studied, an approximate linear behavior inq2 is observed,
i.e., R(q);A2Bq2, whereA and B are constants. A linea
dependence ofR(q) on q2 is in agreement with Binder’s
prediction@16# using mean-field arguments for spinodal d
composition in polymer blends. Since the modified Flor
Huggins free energy for the polymer gel is similar to the fr
energy in the polymer blend and the internal polymer d
namics in a gel are not likely to be different than in eithe
semidilute solution or an entangled melt, it is not surprisi
to observe similar behaviors in gels and blends.

The positive sign ofR(q) in this q range indicates that the
concentration fluctuations probed here grow following
quench into the unstable region. As mentioned earlier,
cording to the linear CHC theory the growth rateR(q)
changes from positive to negative forq.qc , with qc repre-
senting the crossover wave number beyond which concen
tion fluctuations relax instead of exponentially growin
From the graph ofR(q) versusq2, we obtain the crossove
wave number asqc>0.1 Å21. Theories of spinodal decom
position suggest thatqc;1/j2 , where the correlation length
j2 at a given temperature difference from the spinodalDT
5Tf2Ts in the two phase region can be related to the c
relation lengthj1 measured in the one phase region at
same temperature difference from the spinodal byj2

50.524j1 ~Ising model!. From the work of Shibayamaet al.
@6# and our measurement of the equilibrium structure fac
at 21 °C, we estimate thatj1 lies in the range 50–100 Å a
28 °C, which givesj2'25–50 Å@1/qc at 42 °C. This dis-
crepancy between the crossover wave number and the C
prediction of 1/j has also been observed in time-resolv
SANS studies of spinodal decomposition kinetics in polym
blends@10,11#. The crossover wave numberqc in the linear
CHC theory is related to the peak position of scatter
maximum qmvia qc5A2qm . At the value of qm
50.07 Å21 predicted by this relationship, we do not obser
any peak in the SAXS data. As mentioned earlier, the pea
the scattering lies in the SALS region, at a much lower wa
number than probed by the SAXS experiments. Our obs
vation thatqm!qc is consistent with the prediction of Binde
@7#, where he found thatqm5qc /A2 holds only for shallow
quenches whereas for deep quenchesqm!qc . Interestingly,
we find thatqmRg;1; whether this is a coincidence or
reflection of the role of chains between cross-links in t
process of the phase separation can be determined by e
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FIG. 4. ~a! The growth ratesR(q) vs q2 calculated from the CHC fit. The solid line is the best linear fit to the data.~b! A log-log plot
showing theq dependence of the magnitude of the virtual structure factor2S`(q) evaluated from the CHC fit. The line with the slope
22 is drawn as a guide to the eye.~c! The Onsager coefficientL(q)kBT vs q calculated from Eq.~3!. The best fit of the data gives
L(q);q24, as shown by the solid line.
ich

b

ua
th

t

ining samples with different cross-link concentrations, wh
is beyond the scope of the present paper.

The q dependence of the virtual structure factor was o
tained from the fit ofS(q,t) at fixed values ofq. The On-
sager coefficient was then calculated from Eq.~3!. As ex-
pected for a quench into the spinodal region, the virt
structure factor is negative. We find that the magnitude of
-

l
e

virtual structure factor scales as2S`(q);q22, whereas the
Onsager coefficient scales asL(q);q24, as shown in Figs.
4~b! and 4~c!, respectively. It is important to point out tha
using our empirical observations forR(q);A2Bq2 with A
.Bq2 and 2S`(q);q22 in Eq. ~3! we obtain L(q)
;Aq242Bq22. The q24 behavior seen in Fig. 4~c! repre-
sents the leading factor at smallq8s; the correction term
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Bq22 is relatively small except at large wave numbe
where the uncertainity in the data analysis is large. We a
note that, over the measured wave number range,S`(q)
changes by almost a factor of 25, whereasR(q) changes
only by a factor of 2. The strongq dependence of the On
sager coefficientL(q);q24 was also observed in SAXS
studies of polystyrene-dioctylphthalate solutions undergo
spinodal decomposition. However, in polymer blend
L(q);q22 has been observed@10,11#, which is consistent
with theoretical predictions of polymer chain dynamics@7#.

There is no theoretical explanation for such a strongq
dependence of the nonlocal mobility. Perhaps the spino
decomposition is enhanced by pre-existing inhomogene
in the gel, which give rise to the strongerq dependence. This
might also explain why the peak in the SALS data is at mu
smaller wave numbers than 1/j as predicted theoretically.

E. Saturation of structure factor at late times

At late stages there is a significant difference in the ti
evolution ofS(q,t) for the gel as compared to either a sem
dilute solution @9# or a blend@11#. In the latter cases the
scattered intensity at fixedq8s decreases after some time
the peak inS(q,t) shifts closer to zero and the peak narrow
This is a direct consequence of the coarsening of domain
late times. In contrast to these observations we find that a
theq8s examined here the structure factor approaches a s
ration limit Sfinal at late times. We know of no theoretica
model which fits the time evolution ofS(q,t) over the entire
time interval of this experiment. We have examined seve
empirical forms to describe the later stages of the time e
lution leading to the saturation. We found that the appro
to the saturation limit can be described reasonably well a
exponential relaxation. We estimatedSfinal by averaging the
last 10–15 data points. This procedure works well for
higherq values. At the lowerq’s, there is some disagreeme
at the longest times, since the structure factor is still evolv
slowly. As shown in Fig. 5, the linearity in the semi-log pl
of @Sfinal(q)2S(q,t)# versust at late times is clearly consis
tent with an exponential relaxation to the fin

FIG. 5. The same experimental data as in Fig. 3~b! are plotted as
Sfinal(q,t)2S(q,t) on a logarithmic scale vst to show the effects of
saturation at late time. The straight lines indicate a regime wh
the data can be described as approaching the final saturation
via an exponential relaxation process.
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structure factor. The negative slope of this line indicates
exponential relaxation rate of2K(q) with which the struc-
ture factor approaches the final saturation limit. This is
contrast to the positive exponential growth rateR(q), which
describes the growth of fluctuations at early times. As
pected, the late-stage relaxation obviously breaks down
early times; the lines in Fig. 5 indicate the range of valid
of this late-stage exponential relaxation regime. We find t
the higher the wave number the faster is the saturation
cess, i.e.,K(q) increases with increasing wavenumber@See
Fig. 6~a!#. A simple reason for this may be that at the highe
wave numbers we observe scattering on length scales c
parable to the average distance between the tetra-functi
BIS cross-links. If the saturation represents pinning due
the presence of the gel mesh, then one might expect a fa
pinning at these length scales and slower relaxation t
pinned morphology at distances larger than the gel me
Similar pinning effects have been reported in gels where
lation and spinodal decomposition occur simultaneous
Bansil et al. @22# observed exponential saturation in th
physical gel of gelatin quenched to a temperature in the
phase region, where it undergoes phase separation and
tion simultaneously. Asnaghiet al. @23# investigated the po-
lymerization of polyacrylamide gels with a high BIS cros
link content. In this system, as the polymerization procee
microphase separation of highly cross-linked clusters occ
Turbidity measurements show an exponential saturation
responding to the pinning of the microphase-separated
mains.

Theq-dependence ofSfinal is shown in Fig. 6~b!. It can be
described asymptotically as a Lorentzian with a negative
tercept at zeroq. This would indicate that the structure
pinned in a nonequilibrium morphology. We note that wh
the virtual structure factorS` is negative@see Fig. 4~b!#, the
final structure factorSfinal is positive over the entire mea
suredq range. The structure factorS(q,t) can be decom-
posed into two contributions, S(q,t)5SSD(q,t)
1Sinternal(q,t), where SSD arises from the interference be
tween growing spinodally decomposed domains andSinternal
arises from the local composition fluctuations@24#. At late
times, in the regionq@qc the contribution from the growing
domains becomes negligible, and the scattering from the
cal composition fluctuations within the domain
Sinternal(q,t), is the dominant contribution. If the system
completely separated into two equilibrium states, then
internal scattering from the system is the sum of the scat
ing from the local fluctuations of two kinds of domains, bo
of which have reached equilibrium states and thus giv
positive intercept for the Zimm plot. This was observed
the SANS experiment on the phase separation in a poly
blend @24#. In contrast to this behavior, we observe a neg
tive intercept in Fig. 6~b!, indicating that at least one kind o
domain has not reached the equilibrium state in the gel,
the system is pinned in a locally nonequilibrium morpho
ogy. From Fig. 6~b!, we can also obtain a correlation leng
of 50 Å for this microphase-separated structure.

F. Comparison of SALS and SAXS results on kinetics

As mentioned previously, we have also analyzed SA
data on the kinetics of spinodal decomposition in NIPA g
@8# using the CHC theory. Since these two techniques co
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very different ranges inq,(1024 Å 21,q,1025 Å 21) for
SALS versus (1022 Å 21,q,1021 Å 21) for SAXS they
probe the time evolution of structure in spinodal decompo
tion on different length scales. Since the SALS experime
and SAXS experiments were performed on NIPA gels w
the same total monomer concentration but with differi

FIG. 6. ~a! The wave number dependence of the relaxation r
K(q). ~b! The Zimm plot of the saturated intensitySfinal

21 (q) vs q2,
showing a clear negative intercept atq50, implying that the struc-
ture of the gel is pinned in a microphase-separated, nonequilib
state.
i-
ts

cross-link contents and different quench depths, only qu
tative features can be compared. The most striking differe
between these two measurements is that in the SALS
the structure factor shows a clear peak following a que
into the spinodal region, indicating that the characteristic
main sizes are in the range of micrometers. The SAXS d
do not show a peak since they probe the time evolution
structure within these phase separating domains. The
evolution is much faster in the SAXS regime, in agreem
with the usual observation of faster kinetics at smaller len
scales. CHC analysis indicates that in both cases a pos
growth rate was observed. Theq dependence of the param
eters is different in the two regimes. The growth rate
R(q);q2 in SAXS, andR(q)/q2;q2 in SALS. The mobil-
ity L(q) is ;q24 in the SAXS regime, whereas it is inde
pendent ofq in the SALS regime. Theq independence of the
mobility and theq dependence of the growth rate for SAL
are in accord with the mean-field predictions of Binder@16#.
We know of no theoretical explanation of the observedq
dependence of the SAXS results reported here. For b
SALS and SAXS the linear CHC theory breaks down ear
at higher wave numbers; at the much higher wave numb
probed by SAXS this occurs around 100 s, whereas
SALS the linear theory holds for longer times, breaki
down after approximately 500 s.

V. CONCLUSIONS

We have performed time-resolved SAXS measureme
on a chemically cross-linked gel to examine the earliest st
in the volume collapse transition on length scales com
rable to the average distance between cross-links and
correlation length of the gel. Our data show that the equi
rium structure factors seen in SAXS are in qualitative agr
ment with those reported from previous SANS studies
NIPA gels. We find that the early stages of the time evo
tion following a quench into the two phase spinodal regi
are in general agreement with the linear theory predictio
Whereas the quadraticq dependence of the growth rate is
agreement with the mean-field predictions of Binder@16#, the
growth rate remains positive for wavenumbers considera
higher than 1/j. We also observe an unusually strongq de-
pendence of the mobility,L(q);q24, a result for which
there is as yet no theoretical explanation. In contrast to
behavior of semidilute solutions and blends, at late times
observe a pinning of the structure factor. This relaxation t
final, microphase-separated morphology is faster and oc
earlier at the higher wave numbers, which probe len
scales comparable to the distance between cross-links,
gesting that the microphase-separated morphology is pin
at these length scales first.
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