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Swelling-induced modulation of static and dynamic fluctuations in polyacrylamide gels observed
by scanning microscopic light scattering
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The nature of inhomogeneities in vinylpolymer gels has hardly been clarified yet. Inhomogeneities on
submicron and nanometer scales in polyacrylamide gels have been investigated by using a scanning micro-
scopic light-scattering system and applying a general formula for an ensemble-averaged correlation function.
The network structure of the gels is modified by varying the preparation conditions and can be roughly divided
into two types. Swelling-induced modulation of inhomogeneities depends on the type of the network structure.
At low monomer concentrations in preparation, both submicron- and nanometer-scale inhomogeneities in-
crease with swelling. At high monomer concentrations in preparation, submicron-scale inhomogeneities in-
crease with swelling, but nanometer-scale inhomogeneities decrease anomalously. This behavior is explained
by a model of inhomogeneous network structure of vinylpolymer gels, where macrogel is formed from a large
number of microgel particles.

DOI: 10.1103/PhysRevE.68.031406 PACS number~s!: 82.70.Gg, 61.25.Hq, 78.35.1c
un
th
ru
ly
it

on
r
o

ka
ly
in

l,
du
in
n
fo
at
g
ur

o

h

for
gen

tual
-
or-
an-
a

e-

an

can
ple,
ring
dy-
pa-
ities

e-
ral
es
eri-
ing

but

on-
uc-
-

ient
o-
I. INTRODUCTION

Polymer gel is an adventurous soft matter, with many
solved and interesting problems. The principal reason of
situation is that the available methods to characterize st
ture and dynamics of polymer gels are limited. Since a po
mer gel is a huge macromolecule with an infinite network,
characterization should be performed byin situ measure-
ments. Dynamic light scattering~DLS! is one of a few pow-
erful tools to characterize its minute network structure n
destructively. However, difficulty in using DLS for polyme
gels due to the presence of inhomogeneities was pointed
recently@1#, and has not been clarified completely.

DLS study of polymer gels was introduced by Tana
et al. @2#. The relaxation time obtained by DLS is usual
related to the cooperative diffusion constant by Einste
Stokes relationship@3#. Although this relationship is usefu
the fact is that a static component of scattering intensity
to the static inhomogeneities in gels is inevitably included
a DLS signal. Such a static component sometimes depe
strongly on the measuring position in polymer gels. Thus,
polymer gels, the time-averaged properties measured
single position do not correspond to the ensemble-avera
properties obtained from time-averaged properties meas
at many positions. This is the so-callednonergodic problem
and it prevents us from determining correct properties
polymer gels.

To overcome this problem, several experimental and t
oretical approaches have been attempted. One of the m
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theoretical approaches, dynamic light-scattering theory
nonergodic media, was proposed by Pusey and van Me
@4#. This theory is very useful and has been applied to ac
DLS studies of polymer gels@5,6#, although it takes no ac
count of the position dependence of dynamic fluctuation c
rectly. Recently, one of the present authors has proposed
other DLS theory for inhomogeneous media to derive
formula that can be applied to more general cases@7#. By
using this formula, we can study various kinds of inhomog
neous gels.

To use this formula effectively, we have developed
apparatus, a scanning microscopic light-scattering~SMLS!
system. By using this system, many DLS measurements
be successively performed at many positions in the sam
and the ensemble-averaged correlation function of scatte
light can be calculated. With this approach, static and
namic fluctuations in polymer gels could be observed se
rately in the present study and the nature of inhomogene
of vinylpolymer gels could be elucidated.

The importance of taking into account the inhomogen
ities in DLS study of polymer gels was pointed out seve
years ago@8#. A good deal of studies on the inhomogeneiti
has been carried out. For example, in the elongation exp
ments of gels, an abnormal butterfly pattern of scatter
intensity is observed during elongation@9,10#. This result
was explained not due to the usual thermal fluctuations
due to the presence of static inhomogeneities in the gels@11#.
Such inhomogeneities were suggested to originate from c
centration fluctuation that are frozen in the gel network str
ture @1#. Although a lot of information about the inhomoge
neities has been reported, such information is not suffic
to know the structure, origin, and properties of the inhom
©2003 The American Physical Society06-1
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geneities in polymer gels. In such a situation, we focus in
present paper on the nature of the inhomogeneities in
nylpolymer gels, especially on the origin of the inhomog
neities. In this respect, the gelation process of vinylpolym
gels is of crucial importance.

The gelation mechanism of vinylpolymer gels is one
the historical topics in polymer science. The gelation w
explained by Flory-Stockmayer theory in the early stages
the research@12#. This theory succeeded in predicting gel
tion points in polycondensation reactions. However, it is
good at quantitatively estimating the properties of the ge
tion in vinyl-type polymerization. Later, percolation theo
was introduced to estimate the gelation properties@13#.
These types of theories are valid for the physical and rev
ible gelation processes, but can be hardly used for the n
reversible gelation with chemical cross-linking, i.e., with t
formation of covalent bonds.

From another point of view, the chemical gelation wi
the appearance of inhomogeneous microgels has also
discussed in the synthesis of vinylpolymer gels and netwo
@14,15#. Concretely, the vinylpolymer gels are usually pr
pared by the copolymerization of a vinyl monomer and
divinyl cross-linker. Since the reactivities of monomer a
cross-linker are sometimes different, the gelation proc
should be divided into several stages of chemical reactio
Furthermore, the reactions should be analyzed by cons
ing the difference between inter macromolecular and in
macromolecular reactions. Although these approaches
complicated, it is necessary to correctly investigate the ac
gelation processes to know the origin of the inhomogeneit

In this context, the present authors tried to study the v
cosity growth during gelation@16#. The gelation process o
polyacrylamide~PAAm! gels was explained by formation o
macrogel from many microgels. Moreover, one of t
present authors studied the preparation-concentration de
dence of swelling behavior of PAAm gels@17#. It was found
that different network structures are formed depending on
monomer concentration in the preparation. The difference
the network structure were explained by the differences
gelation process. To justify such an explanation, we sho
collect information on various kinds of network structures
using various characterization techniques@18#. This ap-
proach could reveal the nature of the inhomogeneities.

In the present study, the network structure and inhomo
neities of PAAm gels are characterized by using a SM
system and the general formula@7# for an ensemble-average
correlation function. Comparing the structure and inhomo
neities between as-prepared and fully swollen states of
several gels prepared at different monomer concentrati
we try to clarify the nature of inhomogeneities in vinylpol
mer gels and, especially their origin.

The format of this paper is as follows. In Sec. II, th
theoretical background of DLS is explained simply and
general formula for an ensemble-averaged correlation fu
tion is derived. The sample preparation of various PAA
gels with different kinds of inhomogeneities is given in Se
III A. The SMLS apparatus and the experimental analy
method of SMLS data are mentioned in Secs. III B and III
respectively. The experimental results are reported in Sec
03140
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In Sec. V, the change in the structure and inhomogene
between as-prepared and fully swollen states of the sev
gels are discussed and a model for the inhomogeneous g
proposed. Conclusion is given in Sec. VI.

II. THEORETICAL BACKGROUND
OF THE DYNAMIC LIGHT SCATTERING

FROM INHOMOGENEOUS MEDIA

In DLS studies, a dynamic structure factorf (q,t) is de-
termined from the observable properties.f (q,t) has the
meaning of an autocorrelation function of the density flu
tuation in samples,t is the correlation time, andq is the
scattering vector. It can be shown thatf (q,t) is directly pro-
portional to the first-order autocorrelation function of th
scattered electric fieldE(q,t) as @19#

f ~q,t!;^E* ~q,t !E~q,t1t!&en}gen
(1)~q,t!, ~1!

where ^•••&en means ensemble-averaging andgen
(1)(q,t) is

an ensemble averaged first-order autocorrelation functio
E(q,t)

In the case of gels, we should consider a static fluctua
built-in by the concentration fluctuation during preparati
reactions. Such a static fluctuation is inevitably observed
light scattering experiments of usual gels, as a ‘‘speckle p
tern,’’ i.e., a large static component of scattering intens
that strongly depends on the measuring position in a sam
The position-dependent static fluctuation results in the f
that the time-averaged autocorrelation function obtained
one position of scattering volume,gt

(1)(q,t), has an anoma-
lous nonrelaxation component, called abaseline, which de-
pends on the position of scattering volume in the sample
shown in Fig. 1~b!. The ensemble-averaged autocorrelati
function gen

(1)(q,t) obtained by space averaging of a lar
number ofgt

(1)(q,t) obtained at different positions of sca

FIG. 1. Examples of first-order correlation functions. Tim
averaged correlation functiongt

(1)(q,t) in the absence of static fluc
tuation ~a!, and that in the presence of static fluctuation~b!.
Ensemble-averaged correlation functiongen

(1)(q,t) in the absence of
static fluctuation~c!, and that in the presence of static fluctuatio
~d!.
6-2
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tering volume also has the non-relaxation component tha
a unique quantity characterizing the sample as a whole
shown in Fig. 1~d!. In the present work, the properties of ge
are characterized by the analysis of the ensemble-aver
correlation functiongen

(1)(q,t). In the following, we explain
the derivation ofgen

(1)(q,t).
The time-averaged first-order autocorrelation function

E(q,t) is defined by@20#

gt
(1)~q,t![

^E* ~q,t !E~q,t1t!& t

„^I ~q,t !& t^I ~q,t1t!& t…
1/2

, ~2!

wheret denotes real time,I (q,t) is the scattering intensity a
q andt, and^•••& t means the time-averaging operation. He
‘‘time averaging’’ means that the DLS measurement is c
ried out at one position of scattering volume in the sam
and the time average ofE* (q,t)E(q,t1t) is measured on
the laboratory time scale. In the actual measurements w
common self-beating~or homodyne! method, we directly
measure the time-averaged autocorrelation function
I (q,t), i.e., the time-averaged second-order autocorrela
function of E(q,t), which is defined by@20#

gt
(2)~q,t![

^I ~q,t !I ~q,t1t!& t

^I ~q,t !& t^I ~q,t1t!& t
. ~3!

Since we would like to determine the dynamic structure f
tor from gt

(2)(q,t), we need to relategt
(2)(q,t) to gt

(1)(q,t).
There is a known approximate relationship between th
called Gaussian approximation, which can be used ifE(q,t)
is the zero-mean Gaussian variables. This relationshi
written as@19#

gen
(2)~q,t!511g2@gen

(1)~q,t!#2, ~4!

where g (0<g<1) is called the coherence factor whic
takes into account the incoherence effect arising from
finite area of the detector. In an ideal conditiong51. This
ideal condition is commonly used in DLS analysis, and
known asSiegert relationship. In the case of gels, howeve
this equation cannot be used because actual gels usually
static inhomogeneities so that the time average ofE(q,t) is
ys

n
e
of
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not zero, i.e.,̂ E(q,t)& tÞ0. In this case, we use the extend
version of the Siegert relationship for inhomogeneous me
written as@4#

gt
(2)~q,t!511g2@gt

(1)~q,t!#22g2@gt
(1)~q,`!#2 ~5!

or

gt
(1)~q,t!5g21A11gt

(2)~q,t!2gt
(2)~q,0!. ~6!

In the case of homogeneous media,gt
(1)(q,`)50

@gt
(2)(q,0)52# and Eq.~5! reduces to Eq.~4!.
As mentioned above, in order to obtain the dynamic str

ture factor corresponding to the sample as a whole,
ensemble-average correlation functiongen

(1)(q,t) should be
determined@7#, while taking into account the position depe
dence ofgt

(1)(q,t) due to the inhomogeneities of gels. I
actual measurements,gen

(1)(q,t) is calculated as the spac
average of the time-averaged correlation function as

gen
(1)~q,t![

^E* ~q,t !E~q,t1t!&en

„^I ~q,t !&en̂ I ~q,t1t!&en…
1/2

5
Š^E* ~q,t !E~q,t1t!& t‹sp

^I ~q,t !&en
, ~7!

where ^•••&sp means space-averaging operation. By us
Eqs.~2! and ~6!, we obtain

gen
(1)~q,t!5

Š^I ~q,t !& tgt
(1)~q,t!‹sp

^I ~q,t !&en

5
^^I ~q,t !& tg

21A11gt
(2)~q,t!2gt

(2)~q,0!&sp

^I ~q,t !&en
.

~8!

It should be noted thatgen
(1)(q,t)Þ^gt

(1)(q,t)&sp . Thus in
order to calculategen

(1)(q,t), we should use Eq.~8! @7#.
If one focuses only on the dynamic component of t

dynamic structure factor, i.e., on the dynamics of the inh
mogeneous media, the normalized dynamic componen
gen

(1)(q,t) can be calculated by
Dgen
(1)~q,t!5

gen
(1)~q,t!2gen

(1)~q,`!

gen
(1)~q,0!2gen

(1)~q,`!
5

Š^I ~q,t !& tA11gt
(2)~q,t!2gt

(2)~q,0!‹sp2Š^I ~q,t !& tA22gt
(2)~q,0!‹sp

^I ~q,t !&en2Š^I ~q,t !& tA22gt
(2)~q,0!‹sp

. ~9!
ns
Note that this equation is free fromg. It means that the
incoherent effect need not to be taken care of in the anal
of dynamics by using Eq.~9!.

Further, by using the baseline ofgen
(1)(q,t), we can obtain

separately the static and the dynamic components,^I s(q)&en

and ^I d(q,t)&en , of the ensemble-averaged scattering inte
sity ^I (q,t)&en. From Fig. 1~d!, we find that the heterodyn
function gen

(1)(q,t) has a ‘‘baseline’’ due to the presence
is

-

the static fluctuation. Thus we obtain the following equatio
@7,21#:

^I s~q!&en5^I ~q,t !&engen
(1)~q,`!, ~10!

^I d~q,t !&en5^I ~q,t !&en@12gen
(1)~q,`!#. ~11!
6-3
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By using the above formulas forgen
(1)(q,t), Dgen

(1)(q,t),
^I s(q)&en, and ^I d(q,t)&en, we are able to characterize th
whole properties of the inhomogeneous medium, even w
it has a nonergodic nature. Especially, as described be
we can calculate an ensemble-averaged distribution func
Pen(q,tR) of relaxation timetR directly fromDgen

(1)(q,t) by
using a kind of inverse Laplace transform method. Suc
Pen(q,tR) gives full information on the dynamic fluctuatio
of the media. In case of polymer gels, for instance, distri
tions of mesh size, cluster radius, and so on are obtai
Further, from^I s(q)&en and^I d(q,t)&en, we can obtain valu-
able information on static and dynamic inhomogeneities
polymer gels. These are intrinsic merits of using the ab
equations.

III. EXPERIMENT

A. Preparation of polyacrylamide gels

PAAm gels were prepared by radical copolymerizati
of acrylamide ~AAm! monomer and N,N8-
methylenebisacrylamide~BIS! cross-linker~Wako Chemicals
Co.! in aqueous solution. The pregel solutions were prepa
by varying the total monomer volume fraction in solutio
f0, systematically while keeping the ratio of the cross-link
to the monomer constant~BIS/AAm50.246 mol%!. At this
ratio, the average number of monomer units between cr
linking points,N, becomes 200 if the reaction occurs com
pletely.

The concentrations of the monomer and cross-linker
solutions are shown in Fig. 2. In this figure, the broken lin
denote two kinds of boundaries. One indicates the sol
boundary. The other corresponds to the crossover betw
two different types of gels@17#. The differences will be ex-
plained below. The sample gels were prepared by varying

FIG. 2. The monomer composition of the gel samples prepa
in the present study: Filled circles indicate the concentrations
AAm monomer and BIS cross-linker of pregel solutions. The co
centration ratio of AAm to BIS is constant. The meaning of thr
regions is described in the text.
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monomer concentrations widely over these gel I and ge
regions.

In order to study the swelling-induced modulation of t
gel properties, both as-prepared and equilibrium-swollen g
were prepared as follows. In order to avoid hydrolysis
room temperature, all the preparation procedures were
ried out at 6.0°C. The pregel solutions were filtered with
micron filter of 0.22mm pore size to remove dust particle
and bubbled with nitrogen to purge oxygen. To initiate red
polymerization, ammonium persulfate as an initiator andN,
N,N8,N8-tetramethylenediamine~Wako Chemicals Co.! as
an accelerator were added to the pregel solutions at net
centrations of 0.4 mg/ml and 4m l/ml, respectively. Immedi-
ately after the addition, the solutions were transferred i
glass tubes of 4.5 mm inner diameter for as-prepared sam
gels and into glass molds of 1–3 mm inner diameter
swollen sample gels. After 24 h, the latter gels were pus
out from the molds and soaked in a large amount of water
2 weeks at room temperature to reach the swelling equ
rium. The swollen gels were then transferred into sam
glass tubes. Initially, ten types of samples were prepa
However, lower concentration gels became fragile and
lowest concentration swollen gel could not be treated ea
This gel was then excluded from the measurement of sw
ing ratio and SMLS.

The equilibrium swelling ratio of the swollen sample ge
was determined from the diameters of the gels,L, measured
with a cathetometer~accuracy 0.01 mm!. Before measure-
ments, the sample gels were kept at 30.0°C for 24 h to re
the swelling equilibrium. The apparent swelling ratioa was
calculated bya5(L/L0)3, whereL0 is the inner diameter of
the gel mold. The actual swelling ratioQ was calculated by
Q51/f5a/f0, where f is the volume fraction of total
monomer units in swollen gels in equilibrium, andf0 is that
in as-prepared gels.

The swelling behavior of the sample gels is shown in F
3. The value ofa changes differently as a function off0 in
different regions. In lowf0 region a decreases sharply a
f0 increases, while in highf0 regiona increases gradually
asf0 increases. There is a crossover concentration betw
the two regions as shown in Fig. 2. The value ofQ also has
two kinds of f0 dependences and the change occurs at
crossover concentration. It has been found in our previ
study @17# that this behavior is observed universally and
dependently of the molar ratio of the cross-linker to t
monomer. The swelling behavior is described by the follo
ing experimental formula:

Q5A~f02fg!
2ae2f0 /fc1

B

11S f0

fc
D b , ~12!

wherefc is the crossover volume fraction (fc50.059 in the
present case!, A andB are constants,fg is the gelation vol-
ume fraction, anda andb are adjustable indices. It sugges
that in each region different gels with different nature
network structure are formed. In lowf0 region, gels may
have many defects due to the fractal-like structure that fo

d
f

-
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near the gelation point. On the other hand, in highf0 region,
gels may have many topological entanglements among
chains of network. Then, the effective concentration of cro
linking points becomes large. In the following, we study t
properties of the different types of inhomogeneities due
the different structure of networks.

B. Scanning microscopic light scattering

In the present study, we constructed a SMLS apparatu
measure both the time course of local scattering intensity
its autocorrelation function at a large number of positions
a sample. The schematic view of SMLS is illustrated
Fig. 4. For light source, 22-mW linearly polarized He-N
laser was used. Incident light is focused on the sample wi
403 objective lens of super-long-working distance, so th
the beam diameter at scattering volume is about 3mm. Scat-
tered light passes a pinhole of 100-mm aperture, and focuse
by a convex lens onto an end of optical fiber of 100-mm
aperture and 2 m length. The two apertures satisfy the coh
ent condition@19#. The optics is mounted on an arm of
goniometer, whose length is 30 cm. The goniometer is c
trolled by a personal computer~PC! ~NEC, PC9821Ap2!.
The available scattering angle usually ranges from near 0
145°. The sample holder has a cylindrical shape, 5 cm
diameter. It is made of an aluminum block and has a ce
hole 10 mm in diameter, with a 10-mm glass tube inser
inside as an oil bath. A light-scattering cell, glass tube o
mm outer diameter, is immersed in the oil bath. The sam
holder is moved vertically by a stepping motor with a min
mum step of 1-mm. A thermistor is set in the oil bath. Th
thermal controller is made of a Wheatstone bridge circ
with the thermistor and a proportional-integral-different
action circuit @22#. The temperature stability of the light

FIG. 3. The equilibrium swelling behavior of the sample ge
Open circles indicate the apparent swelling ratioa5V/V0 as a
function of total monomer volume fraction in preparation,f0,
whereV0 is the volume of gel in preparation andV is that in the
state of equilibrium swelling. Closed circles indicate the act
swelling ratioQ51/f, wheref is the equilibrium volume fraction
of polymer chains. The solid curves are fitted ones to the exp
mental formula~12! described in the text.
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scattering cell was better than 0.001°C. The scattered ligh
detected as a train of photon pulses with a photomultip
~Hamamatsu Photonics, R649S! and input to the PC with a
sample laboratory-made correlator, which measures inter
between the photon pulses with a 10-MHz crystal oscilla
as a time scaler. The correlation function was calculated
using a software which counts the frequency distribut
~frequency histogram! of the intervals between the photo
pulses and provides the frequency curve of the intervals
correlation function@23#.

C. Characterization of ensemble-averaged
correlation functions

In the present work, the dynamic component of t
ensemble-averaged correlation function,Dgen

(1)(t), was ana-
lyzed with a kind of inverse Laplace transform~ILT ! method.
In general,Dgen

(1)(t) can be approximately expressed by
superposition of many exponential functions as@24,25#

Dgen
(1)~t!5N(

i 51

n

Pen~ ln tR,i !expS 2
t

tR,i
D , ~13!

where $tR,i% is a geometric progression of relaxation tim
expressed as

tR,i5tR,min~tR,max/tR,min!
( i 21)/n ~ i 51,2, . . . ,n!

~14!

andN is a normalized factor defined as

N5
1

n
ln

tR,max

tR,min
. ~15!

Here, it is easy to check thatPen(ln tR,i) satisfies

.

l

i-

FIG. 4. Schematic of scanning microscopic light-scattering
paratus. L: laser, OL: objective lens with super-long-working d
tance, SH: sample holder, GM: computerized goniometer, ZS: c
puterizedz-axis scanner, PH: pinholes, CL: convex lens, OF: opti
fiber, PM: photomultiplier with preamplifier and discriminato
counter, MD: stepping motor driver, TC: temperature controller a
thermometer, IC: correlater~pulse interval counter!, PC: personal
computer.
6-5
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E
ln tR,min

ln tR,max
Pen~ ln tR!d ln tR

5(
i 51

n

Pen~ ln tR,i !
ln tR,max2 ln tR,min

n
51. ~16!

where we have used Eq.~13! in settingt50.
By using Eq.~13!, we can obtain the distribution functio

of relaxation time,Pen(ln tR), directly fromDgen
(1)(t). Thus,

in the present study, the nonlinear least squares fitting
Dgen

(1)(t) to the right-hand side of Eq.~13! was performed
where$Pen(ln tR,i)% was treated as a set of fitting paramete
The fitting was performed withtR,min51026 s,tR,max5101 s,
andn570 for all cases of ILT analysis in the present wor

IV. RESULTS OF SMLS MEASUREMENTS

Figure 5 shows the swelling-induced fluctuation a
growth of the time-averaged intensitŷI (q,t)& t for the

FIG. 5. The position dependence of the time-averaged scatte
intensity ^I (q,t)& t . The scattering angle isu560°. Heref0 is the
volume fraction of monomer and cross-linker in preparation.
03140
of

.

PAAm gels. These results were obtained by 10-mm step
scanning measurements of the gels in both as-prepared
equilibrium swollen states.̂I (q,t)& t was measured at eac
position of the gel and plotted in Fig. 5 as a function of t
scanning position.f0 in Fig. 5 is the volume fraction of
monomer and cross-linker at the time of preparation, i.e.,
volume fraction of the gel in the as-prepared state. Each
indicates the position dependence of^I (q,t)& t in the equilib-
rium swollen state as well as in the as-prepared state for
prepared at the samef0. Such a position dependence is ofte
called a speckle pattern@8#.

For small f0 (f050.034), wherea.6, the swelling-
induced growth of̂ I (q,t)& t is strong. For intermediatef0
(f050.058 andf050.13), wherea52 –3, the growth of
^I (q,t)& t is weak. Further, for largef0 (f050.32), where
a>3, the growth of̂ I (q,t)& t is again strong. The compari
son of the landscapes of the speckle patterns shows tha
notches are narrow and deep for largef0, and for smallf0
the valleys have sometimes flat regions.

Figure 6 shows thef0 dependence of the ensembl
averaged scattering intensity^I (q,t)&en for both as-prepared
and equilibrium swollen gels. HerêI (q,t)&en was calculated
as^I (q,t)&en5Š^I (q,t)& t‹sp . For as-prepared gels,^I (q,t)&en
has a minimum in the intermediatef0 region. As gels be-
come swollen,̂ I (q,t)&en increases and thef0 dependence of
^I (q,t)&en is more pronounced. For the swollen ge
^I (q,t)&en has again a minimum in the intermediatef0 re-
gion. However, the minimum is shifted to a higher value. F
the largestf0 (f050.32), ^I (q,t)&en in the swollen state has
a maximum value.

Figure 7 shows ensemble-averaged autocorrelation fu
tions gen

(1)(q,t) of the PAAm gels.gen
(1)(q,t) was calculated

using Eq.~8! from more than a hundredgt
(2)(q,t)’s mea-

sured at different positions. Hencegen
(1)(q,t) gives unique

information specific to each gel independent of measu
positions. Eachgen

(1)(q,t) reflects a relaxation process atop
non-decaying baseline. This relaxation corresponds to

ng

FIG. 6. The ensemble-averaged scattering intensity^I (q,t)&en as
a function of the volume fraction of total monomer units in prep
ration, f0, for both as-prepared and equilibrium swollen gels. T
scattering angle is 60°. The solid curves are guides to the eye
6-6
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so-called ‘‘gel mode.’’ The term seems to be somewhat br
and the process may not be expressed by a single expone
decay. The relaxation time will be analyzed in detail belo
Here, we cannot think of any other relaxation process inst
of the gel mode. The baseline ofgen

(1)(q,t) depends onf0

and its level increases with swelling.
From ^I (q,t)&en and gen

(1)(q,t) ~shown in Figs. 6 and 7!,
the static and dynamic components of^I (q,t)&en, ^I s(q)&en
and^I d(q,t)&en were calculated by using Eqs.~10! and ~11!,
respectively. In Fig. 8,̂I s(q)&en and^I d(q,t)&en are plotted as
a function of the volume fraction at the time of measureme
i.e., as a function off0 for the as-prepared gels andf for the
equilibrium swollen gels. This figure shows the values
several scattering angles, i.e.,u540,60, and 95°.

It was found that the dynamic component^I d(q,t)&en is
well scaled by a power function of the volume fraction at t
time of measurement, which is shown by a solid line in t
figure. The scattering angle dependence of^I d(q,t)&en seems
to be weak and there seems to be little difference betw
as-prepared and swollen gels. On the other hand, the pr
of the static component̂I s(q)&en is different between the
as-prepared and the equilibrium swollen gels. For
prepared gels,̂I s(q)&en only weakly depends onf0. There is
a minimum in an intermediatef0 region, similar to the case
of ^I (q,t)&en shown in Fig. 6. Moreover, the scattering ang

FIG. 7. The ensemble-averaged autocorrelation functi
gen

(1)(q,t) for both as-prepared and equilibrium swollen gels. T
scattering angle is 60°. Heref0 is the volume fraction of total
monomer units in the as-prepared gels.
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dependence seems to be somewhat strong for the largesf0
(f050.32), while it is rather weak for the otherf0. Further,
for equilibrium swollen gels,̂ I s(q)&en strongly depends on
f and there is a minimum of̂I s(q)&en in the intermediatef
region. The scattering angle dependence seems to be w
^I s(q)&en has a maximum value for the largestf, which is
also similar to the behavior of̂I (q,t)&en shown in Fig. 6.

In the following, the detailed analysis of dynamics in th
PAAm gels is explained. The dynamic compone
Dgen

(1)(q,t) was calculated based on Eq.~9!. The scattering
angle dependence ofDgen

(1)(q,t) at f050.086 is shown in
Fig. 9. As the scattering angle increases, the character
time of the relaxation process is shifted to the left, i.e.,
shorter times. Moreover, the relaxation time is shifted to
right by swelling.

By using the ILT analysis as explained in Sec. III C, t
distribution functionPen(q,tR), of the relaxation timetR is
obtained fromDgen

(1)(q,t). For example, the scattering ang
dependence ofPen(q,tR) is shown in Fig. 10.Pen(q,tR) was
calculated fromDgen

(1)(q,t) as shown in Fig. 9. We can se
bothu dependence and swelling effect onPen(q,tR) clearly.
For the quantitative analysis of dynamics,Pen(q,tR) was fit-
ted to a logarithmic Gaussian distribution as

Pen~q,tR!5A expF2
~ log10 tR2m!2

2s2 G , ~17!

whereA is the amplitude,m is the average of the logarithmi
relaxation time, ands2 is the dispersion. Froms, the distri-
bution width of the relaxation time can be estimated. In F

s

FIG. 8. The static and dynamic components of the ensem
averaged scattering intensity,^I s(q)&en and ^I d(q,t)&en, respec-
tively, as a function of the volume fraction at the time of measu
ment,f0 ~for as-prepared gels! or f ~for equilibrium swollen gels!.
The closed symbols indicate the values for as-prepared gels.
open symbols indicate the values for equilibrium swollen gels. T
solid line and curves are guides to the eye.
6-7
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FURUKAWA et al. PHYSICAL REVIEW E 68, 031406 ~2003!
10, the solid curves indicate the fitting results with Eq.~17!.
The fitting goes well as shown in Fig. 10.

From the fitting analysis with Eq.~17!, the average relax
ation time was given bŷtR&510m and its standard deviatio
d(^tR&) was given by^tR&6d(^tR&)510m6A2s. For ex-
ample, ^tR& of the gel prepared atf050.086 is shown in
Fig. 11. Here, the scattering angle dependence of^tR& is
shown with the absolute value of scattering vectorq. q is
defined byq5(4pn/l)sin(u/2), wheren is the refractive
index of the sample solution,l is the wavelength in a
vacuum of the incident beam, andu is the scattering angle. I
the dynamics is induced by the diffusion process,^tR&
5q22Dcoop

21 , whereDcoop is the cooperative diffusion coef
ficient. Theq dependence of̂tR& was fitted to a power-law
function, as is shown in Fig. 11. The slope was found
correspond approximately to22 for both the as-prepare
and the equilibrium swollen gels.

Figure 12 presents theq2-scaled plot ofDgen
(1)(q,q2t). It

was found that theq2-scaledDgen
(1)(q,q2t) converges well

onto a master curve. It means that the relaxation
Dgen

(1)(q,t) can be well explained by the diffusion process
Further, for each sample,Dcoop was calculated from̂tR&

determined atu560°. Thef or f0 dependence ofDcoop is

FIG. 9. An example of the scattering angle dependence
Dgen

(1)(q,t), the dynamic component of the ensemble-averaged
tocorrelation function. In each plot,u is the scattering angle
Dgen

(1)(q,t) was obtained for as-prepared and equilibrium swol
gels prepared atf050.086.
03140
o

f

plotted in Fig. 13. It is found that bothDcoop of the as-
prepared and the equilibrium swollen gels are fitted well t
power law function except for two data points of the lowe
f and one data point of the highestf0. From the fitting, the
slope of the power-law of 0.51 is obtained. According to t
blob theory@3#, the f dependence ofDcoop for semidilute
polymer solutions is given byDcoop;fn/(3n21), wheren is
the exponent of Flory radius;n53/4 for a good solvent and
n50.5 for a Q solvent. Thus, for a good solventDcoop
;f0.75, and for aQ solventDcoop;f1.0. However, the ob-
tained value of 0.51 is rather small compared to these ex
nents. The reason of this discrepancy will be discussed
Sec. V C in detail. The right vertical axis of Fig. 13 indicat
the blob size of gel network,jblob, which was estimated by
using Einstein-Stokes relationship,Dcoop.kBT/(3phjblob),
wherekB is the Boltzmann constant,T is the absolute tem-
perature, andh is the viscosity of the solvent. As seen fro
Fig. 13, the values ofjblob range from 3 to 60 nm, which
corresponds to the mesh size of the network.

In order to observe the swelling-induced change in d
namics of the gels, the distribution functions of the rela
ation time,Pen(q,tR), were obtained for all the samples
the same scattering angle ofu560°, as shown in Fig. 14
From these results, it was found that the width of thetR

f
u-

FIG. 10. An example of the scattering angle dependence
Pen(q,tR), the distribution function of relaxation time. Hereu is the
scattering angle. ThePen(q,tR) was obtained for as-prepared an
equilibrium swollen gels prepared atf050.086.
6-8
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SWELLING-INDUCED MODULATION OF STATIC AND . . . PHYSICAL REVIEW E68, 031406 ~2003!
distribution increases with swelling. To analyze such bro
ening, thesePen(q,tR) were fitted with Eq.~17! and the
width of the distribution of the relaxation time was estimat
from s. Note that for the swollen gel off050.026,
Pen(q,tR) shows bimodal distribution with two peaks. On

FIG. 11. The relaxation timêtR& ~circles!, as a function of the
absolute values of scattering vectorq of the gels prepared atf0

50.086. The solid lines indicate power-law functions, to which t
sets of^tR& were fitted. The triangles indicate the standard dev
tion of ^tR&.

FIG. 12. Theq2-scaled correlation functionsDgen
(1)(q,q2t) were

plotted for as-prepared and equilibrium swollen gels, which w
prepared atf050.086.
03140
-

FIG. 13. The cooperative diffusion coefficient,Dcoop as a func-
tion of the volume fraction at the time of measurement,f0 ~for
as-prepared gels! or f ~for equilibrium swollen gels!. The solid line
is a power-law function fitted to the data.

FIG. 14. Examples of the swelling-induced change
Pen(q,tR), the distribution function of the relaxation timetR . Here
f0 is the volume fraction of total monomer units in preparation. A
Pen(q,tR) were obtained at the same scattering angle ofu560°.
Solid curves are fitted ones to Eq.~17!.
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FURUKAWA et al. PHYSICAL REVIEW E 68, 031406 ~2003!
of the peaks is large and placed at slower relaxation time
compared with the peak of the as-prepared gel. The o
peak is very small and placed at the same relaxation tim
the peak of the as-prepared gel.

Figure 15 shows the swelling-induced change in the
laxation widths. For as-prepared gels,s indicates a weak
dependence onf0 and has a minimum at an intermedia
f0. For equilibrium swollen gels,f0 dependence ofs be-
comes significant. In lowf0 region, s increases markedly
by swelling. Forf0,0.04, s decreases steeply asf0 in-
creases. As mentioned in Sec. III A, the lowestf0 gel is so
fragile in the swollen state that its SMLS measurement co

FIG. 15. The swelling-induced change in the broadness of
relaxation time. Here the distribution width of the relaxation tim
s, is plotted as a function of the volume fraction of total monom
units in preparation,f0. The solid and broken curves are guides
the eye.
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not be performed. In highf0 region,s decreases by swell
ing and, forf0.0.04, s behaves as a decreasing power-la
function. It means that the distribution of the relaxatio
modes sharpens by swelling in gels prepared at high con
trations. The data point to a large qualitative difference
tween the twof0 regions, which will be discussed in Se
V C.

V. DISCUSSION

A. Difference between time-averaged correlation function
and ensemble-averaged one

As mentioned in Sec. I, in order to overcome the non
godic problem with the DLS of inhomogeneous media, s
eral approaches have been performed. Pusey–van M
equation@4# was proposed and has been sometimes used
solving the problem@5,6#. Pusey–van Megen equation
written as@4#

gen,PM
(1) ~q,t!5

~Y21!1A11gt
(2)~q,t!2gt

(2)~q,0!

Y
,

~18!

where

Y[
^I ~q,t !&en

^I ~q,t !& t
. ~19!

This equation can be derived based on the assumption
static component of fluctuation depends on position wh
the dynamic component does not depend on position@7#. The
dynamic component of the ensemble-averaged correla
function, Dgen,PM

(1) (q,t), is written by using this Pusey–va
Megen equation as

e
,
r

ion
Dgen,PM
(1) ~q,t!5

gen,PM
(1) ~q,t!2gen,PM

(1) ~q,`!

gen,PM
(1) ~q,0!2gen,PM

(1) ~q,`!
5

A11gt
(2)~q,t!2gt

(2)~q,0!2A11gt
(2)~q,`!2gt

(2)~q,0!

12A11gt
(2)~q,`!2gt

(2)~q,0!
. ~20!

On the other hand, by using the extended version of Sigert equation~6!, the dynamic component of time-averaged correlat
function,Dgt

(1)(q,t), is calculated as

Dgt
(1)~q,t!5

gt
(1)~q,t!2gt

(1)~q,`!

gt
(1)~q,0!2gt

(1)~q,`!
5

A11gt
(2)~q,t!2gt

(2)~q,0!2A11gt
(2)~q,`!2gt

(2)~q,0!

12A11gt
(2)~q,`!2gt

(2)~q,0!
. ~21!
a
on,

he

on,

ged
Then, we can see thatDgen,PM
(1) (q,t)5Dgt

(1)(q,t) basically.
It means thatgen,PM

(1) (q,t) may change with measuring pos
tions, if gt

(1)(q,t) depends on position.
Figure 16 shows several profiles ofDgen,PM

(1) (q,t) mea-
sured at different positions in a swollen gel. It is found th
Dgen,PM

(1) (q,t) depends on the position, suggesting that
dynamic fluctuation in this case depends on the position
is seen in Fig. 16,Dgen,PM

(1) (q,t) with the slowest relaxation
time is a few times as slow as that with the fastest o
t
e
s

.

Therefore, when the dynamic fluctuation is calculated from
time-averaged correlation function at a measuring positi
gt

(2)(q,t), by using Pusey–van Megen equation~20!, the
exact dynamic fluctuation characterizing the whole of t
sample gel may not be observed.

On the other hand, the generalized equation~8! can pro-
vide rigorously an ensemble-averaged correlation functi
even if the dynamic fluctuation depends on the position@7#.
In Fig. 16, a dynamic component of an ensemble-avera
6-10
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SWELLING-INDUCED MODULATION OF STATIC AND . . . PHYSICAL REVIEW E68, 031406 ~2003!
correlation function for the same gel,Dgen
(1)(q,t), is shown

from the calculation using the general equation~9!. It can be
seen thatDgen

(1)(q,t) obviously reflects the profiles of sever
Dgt

(1)(q,t), and the profile ofDgen
(1)(q,t) ranges over the

entire Dgt
(1)(q,t). It means thatgen

(1)(q,t) contains much
more exact information on the whole properties of the g
rather thangen,PM

(1) (q,t) does.
Moreover, there may be a spatial correlation betwe

gt
(1)(q,t) and ^I (q,t)& t in inhomogeneous media. From th

standpoint that such a spatial correlation relates to the p
erties of the inhomogeneous media, the detailed analys
the spatial correlation can illuminate unsolved problems c
cerning polymer gels. We are now studying the spatial c
relation in poly~N-isopropylacrylamide! gels. The detailed
results and discussion about this will be reported elsewh

B. The swelling-induced modulation of the static fluctuation

In recent years, the static fluctuation in polymer gels h
become a fundamental topic of research@8#. To elucidate its
origin, scattering experiments on uniaxially extended g
have been performed@1#. When such experimental resul
are compared to theoretical predictions, it should be kep
mind that the static fluctuations result from frozen inhom
geneities which have been introduced by the concentra
fluctuation of cross-linking points in preparation and a
memorized forever with covalent bonds in their netwo
structure. Although the origin has been understood qua
tively, the nature of the static fluctuations has yet to be fu
understood.

In an attempt to shed some light on the problem, we st
ied here the swelling-induced modulation of the static flu
tuations. In a previous study by Furukawa@17#, it was con-
cluded that different types of network structure
polyacrylamide gels are prepared at low and high concen
tions of total monomer units. Hence, it can be expected

FIG. 16. The comparison of a dynamic component of
ensemble-averaged correlation function,Dgen

(1)(q,t), ~a solid curve!
with those of time-averaged correlation functions at several mea
ing positions,Dgt

(1)(q,t), ~broken curves!. These were obtained fo
an equilibrium swollen gel prepared atf050.026. The scattering
angle is 60°.
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different types of gels will exhibit different behavior of stat
intensities when observed with SMLS.

In fact, some differences for gels with low and high co
centrations of total monomer units in preparation were
served in the analysis of the scattering intensities. For
f0 gels, the landscape of position dependence of^I (q,t)& t ,
i.e., speckle pattern~Fig. 5!, and hencê I s(q)&en ~Fig. 8!
increase by swelling. Asf0 decreases, the extent of the in
crease becomes larger~Fig. 6!. Such a behavior is consisten
with the predicted network structure mentioned in Sec. III
It means that the gels prepared in lowf0 region have many
defects in their network structure and the inhomogenei
due to such defects are enlarged by swelling@9,10#. Sincea
increases asf0 decreases~Fig. 3!, the swelling-induced in-
crease in inhomogeneity becomes large asf0 decreases.

For highf0 gels, strong scattering angle dependence oI s
for as-prepared states was observed~Fig. 8!. This and the
strong speckle pattern induced by swelling~Fig. 5! could
mean that the characteristic length of the inhomogene
structure is about the same order of magnitude as the w
length of light, i.e., of submicron or smaller. On the oth
hand, for lowf0 gels, the characteristic length may be lar
because the speckle pattern shows strong position de
dence~Fig. 5!. Therefore, it is expected that the gels pr
pared in highf0 region have dense and complicated stru
ture in submicron scale due to the existence of ma
topologically entangled points as well as due to ma
chemically-cross-linked points in the network structure. P
sible origins of such structures are discussed in detail be

Let us take another point of view in order to answer
question how to synthesize homogeneous gels. For
prepared gels, an intermediate concentration is preferre
make homogeneous network on submicron scales. Thi
due to the effect of crossover among subchains. At low c
centrations, the crossover is so small that cross-linking re
tion does not proceed well and prepared gels tend to h
many defects in their network. At high concentrations, t
extensive crossover results in many topological entan
ments among subchains as well as many cross-linking po
The prepared gels tend to have many dense regions and
be characterized by a weak segregation of network. Even
equilibrium swollen gels, the intermediate concentration
preferred for the preparation of homogeneous network
submicron scales. As suggested above, the swelling to e
librium always enlarges the submicron-scale static inhom
geneity. Therefore, gels remain homogeneous at intermed
swelling levels.

C. The swelling-induced modulation
of the dynamic fluctuation

By using SMLS, the ensemble-averaged correlation fu
tion of inhomogeneous gels can be determined correc
From the distribution function of relaxation time,Pen(q,tR),
we can extract a good deal of information on the inhomo
neities on the scale of the mesh size of gel network, i.e.,
the scale of nanometer.

The f dependences of̂I d(q,t)&en andDcoop ~Figs. 8 and
13! show that the ensemble-averaged values of dyna

r-
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FURUKAWA et al. PHYSICAL REVIEW E 68, 031406 ~2003!
properties of gels depend linearly in log-log scale on
volume fraction at the time of measurement,f0 or f, re-
gardless of the gel being in as-prepared or equilibriu
swollen state. It means that the ensemble-averaged dyn
properties are induced by thermal fluctuations. Thus, the
motic pressure is important and it directly corresponds to
volume fraction at the time of measurement. Therefore,
ensemble-averaged dynamic properties are modulated
swelling through thef change fromf0 in preparation tof
in measurement.

Now, note again thef dependence ofDcoopshown in Fig.
13. As mentioned above,Dcoop, which is of the order of
nanometers, corresponds to the mesh size of the netw
Hence, it means that the mesh size of gel network is alm
always controlled by the volume fraction at the time of me
surement. Concerning the slope ofDcoop versusf, there is a
discrepancy between the present results and the blob th
@3#. It may come from the crossover behavior between dil
and semidilute solutions. There is a crossover concentra
f* between them. In the lowf limit of dilute polymer so-
lutions ~not for gels!, the diffusion coefficientD is equal to
D0, which corresponds to the hydrodynamic radius of is
lated blobs of polymer chains. ThenD begins to increase
with the increase inf as D5D0(11kf1•••) even forf
,f* @26#, wherek is a concentration coefficient. Abovef* ,
thef-dependence ofD becomes marked, with a slope of 3/
which can be explained by the blob theory. It is known@27#
that atf* the value of slope changes from a small value
3/4 continuously, and an intermediate value of the slope
sometimes observed aroundf* . Therefore, for gels, such a
intermediate value may be observed. Concerning the
prepared in the present study, it is difficult to synthes
sample gels withf much higher thanf* . Thus, the actually
observed slope does not reach 3/4. Further, as shown in
13, some plotted points for the lowestf and the highestf0
drop off from the power-law function. We consider that t
drop off of the lowestf is due to defects in highly swollen
gels and that of the highestf0 comes from some kinds o
inhomogeneities in the mesh size. The latter phenome
will be discussed below.

For the analysis of inhomogeneities, the swelling-induc
change in the dispersion ofPen(q,tR) shown in Fig. 15 is
noteworthy. We consider that the dispersions corresponds to
the distribution width of mesh size. Thus, it directly reflec
the inhomogeneities of gel network on the scale of nano
eters. At low f0 , s increases strongly with swelling. I
means some of the nanometer-size defects of gel network
enlarged by swelling. We suppose that by swelling ma
voids emerge in the network. On the other hand, at highf0 ,
s decreases with swelling. This is apparently anomalous
havior because it means that the nanometer-scale conce
tion fluctuation of the network is focused by swelling. Th
possible explanation of this interesting phenomenon will
discussed in the following section.

D. A model of inhomogeneous network structure

As mentioned above, the swelling-induced modulation
obviously different for static and dynamic fluctuations.
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order to clarify this point, we note that the spatial scales
these two kinds of fluctuations observed in the present st
by SMLS are different. The static fluctuations measured
^I s(q)&en correspond to the static inhomogeneities of conc
tration on a submicron scale. The dynamic fluctuations m
sured aŝ I d(q,t)&en and Pen(q,tR) correspond to the width
of mesh-size distribution on nanometer scales. Therefore
difference of swelling-induced modulation between dynam
and static fluctuations means that the nature of inhomoge
ities on nanometer scales is essentially different from tha
submicron scale. This suggests the existence of a kind
hierarchical structure in vinyl-type polymer gels.

In order to illustrate the anomalous behavior of t
swelling-induced modulation, a model of network structu
for vinylpolymer gels is proposed here. In the preparation
vinylpolymer gels, radical copolymerization of a monom
and a cross-linker is always performed. As the number
functional groups, e.g., vinyl groups, in the cross-linker
usually larger than that in the monomer, the reaction rate
the cross-linker is statistically larger than that of the mon
mer in the first stage of polymerization and many mu
branching polymer molecules, i.e., many microgels are p
duced. In the second stage, when the concentration of
cross-linker has decreased, the rest of the virgin mono
molecules start to react with the microgels, which grow
size and get connected with each other. In this way microg
aggregate into a macrogel. In these processes, two kind
reactions, i.e., intramicrogel chain growth and intermicro
connection, statistically compete depending on the conc
trations of monomer, cross-linker, and microgels.

At low monomer concentrations (fg,f0&fc , i.e., gel I
region shown in Fig. 2!, the intramicrogel reaction may b
much faster than the intermicrogel one, so that an incomp
network structure will be formed with many defects existi
among the microgels. The network structure formed in t
condition is illustrated in~la! of Fig. 17. During the forma-
tion of such structure, the aggregation of microgels occ
inhomogeneously and near the gelation concentrationfg , a

FIG. 17. Illustrations of as-prepared and equilibrium swoll
network structure of the macrogels formed from microgels in l
and high monomer volume fractions in preparation,f0.
6-12
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fractal-like network structure is preferably formed from m
crogels as constituent components. Some of the presen
thors ~H.F. and M.O.! tried to apply this model to the
preparing-concentration dependence of viscosities of PA
sol solutions@16#.

On the other hand, at high monomer concentrationsfc
&f0, i.e., gel II region shown in Fig. 2!, the intermicrogel
reaction can proceed more frequently than the intramicro
one in the second stage of gelation, so that a dense
complex network will be formed with many topological e
tanglements among microgels. The network structure in
condition is shown in~ha! of Fig. 17. In the case of high
monomer concentrations, microgels fill up most of the so
tion in preparation. The spatial distribution of microgels i
evitably develops an extent of inhomogeneity, which d
pends on the aggregation process of microgels. He
microgels are separated by thin spaces of varying size fi
with large number of topological entanglements, which b
have like cross-linking points. Further, once the aggrega
of microgels starts, it is often locally accelerated, and lar
scale inhomogeneity belonging to the hierarchy of a hig
rank may emerge. Concerning this phenomenon, appear
and subsequent disappearance of turbidity was observe
one of the present authors~K.H.! @15# during the cross-linked
copolymerization of methyl methacrylate with ethyle
dimethacrylate around 20–30% conversion. Thus, the
prepared in high monomer concentrations tend to have m
larger-scale inhomogeneity than those prepared in low mo
mer concentrations.

Next, based on the proposed model for as-prepared s
illustrated in~la! and ~ha! of Fig. 17, we try to explain the
swelling-induced modulation of inhomogeneities. We st
from the case of low monomer concentrations and next g
the case of high monomer concentrations.

Concerning the low-concentration gels prepared in g
region,^I s(q)&en increases with swelling~Fig. 8!. The extent
of growth of ^I s(q)&en due to swelling increases as the a
parent swelling ratioa increases. Such a behavior can
explained by the Bastide’s model@9,10# discussed above
That is to say, since this network structure has a large n
ber of defects, densely cross-linked parts swell little a
sparsely cross-linked parts swell extensively. Thus, the in
mogeneity, frozen in the network structure as the distribut
of cross-linking points, grows with swelling. Moreover, th
mesh-size distributions broadens with swelling~Fig. 15!,
and the distribution becomes bimodal at the lowest conc
tration, f050.026~Fig. 14!. While the mesh size in a larg
part of gels enlarges with swelling, a small part of mesh
may remain same in size as in the as-prepared state. Th
to say, a kind of microscopic phase separation may oc
with swelling. In such a case, a macroscopic volume fract
f calculated from the volume of the swollen gel is not eq
to the microscopic local volume fraction. Actually, in lo
volume fractions off&0.01, the diffusion coefficientDcoop
drops down from the power law ofDcoop versusf ~Fig. 13!.
Since a large portion of network meshes are swollen i
fractal manner, apparentDcoopbecomes smaller than that ca
culated fromf. We can recognize from these facts that sw
len gels prepared in gel I region have very heterogene
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structure where a small amount of dense part formed in
as-prepared microgels remains and a large amount of
region exists among microgels, as shown in~ls! of Fig. 17.

On the other hand, concerning the high-concentration g
prepared in gel II region,̂I s(q)&en for the highest concentra
tion as-prepared gels off050.32 depends on the scatterin
angle ~Fig. 8!. This suggests that there exist large-scale
homogeneities. The autoacceleration of microgel aggrega
occurring at the high monomer concentration may cause
bulence in the spatial distribution of microgels. Thus the
exist locally dense and thin regions on a submicron sc
which bring about static fluctuations of the local osmo
pressure. Moreover, for high-concentration gels, the sca
ing angle dependence of^I s(q)&en tends to diminish with
swelling ~Fig. 8! and the position dependence of the scatt
ing intensity sharpens with swelling~Fig. 5!. Although it is
possible to assume from these results that the characte
length of the large-scale inhomogeneity decreases, more
tailed observation should be performed in future for its co
firmation. Further, concerning the dynamic fluctuation, a
parentDcoop for the highest concentration as-prepared gels
f050.32 drops down from the power law ofDcoopversusf0
~Fig. 13!. This suggests that the acceleration of microgel
gregation occurring in the highest monomer concentrat
may create thin-concentration parts of the network, w
large-size meshes on nanometer scales. The mesh-size d
bution s is forced to sharpen anomalously by swelling, a
the relationship ofs with f0 shows a kind of power-law
behavior~Fig. 15!. From these viewpoints, we can say th
high-concentration gels prepared in gel II region tend to
lute nanometer-scale inhomogeneity with swelling, as illu
trated in ~hs! of Fig. 17. By swelling, the microgels swe
themselves and regularize their distribution to homogen
the fluctuation of the local osmotic pressure. Thus, the eff
tive mesh sizes both inside and outside of the microgels
come similar in equilibrium swollen state. Since the micr
gels themselves, however, play a role of effective sm
scatter points for static scattering, many microgels embed
in network structure may cause large static scattering in
sity in high q range.

Further, at intermediate monomer concentrations in pre
ration, around the boundary between gel I and gel II regio
i.e., f0;fc , the network structure of as-prepared gels m
be an intermediate between~la! and~ha!. Since the apparen
swelling ratioa shows a minimum aroundf0;fc ~Fig. 3!,
the swelling-induced modulation of fluctuations is also lo
est aroundf0;fc , then the least, and the network structu
may be somewhat similar to~hs!. The chain concentrations a
the inside and outside of microgels are almost the sa
Hence, there are not many defects and entanglements. T
fore, the effect of inhomogeneities on both static and d
namic properties tends to be weaker for both as-prepared
equilibrium swollen gels off0;fc .

In general, vinylpolymer gels are synthesized in a tw
stage process, where in the first stage many microgels
produced and in the second stage a macrogel is formed f
the microgels. Therefore, it can be said that usual vinylpo
mer gels are essentially inhomogeneous. In order to pre
homogeneous structure of a gel network, alternative prep
6-13
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tion methods must be considered. From this viewpoint, so
of the present authors~H.F. and K.H.! have studied the ge
lation of main-chain aromatic polyimides under polyconde
sation reactions@28#. We can consider that in contrast
vinylpolymer systems, the gelation process in such a sys
proceeds according to a percolation model. The SMLS st
of polyimide gels will be reported elsewhere.

VI. CONCLUSION

The static and dynamic fluctuations in inhomogeneous
nylpolymer gels have been studied. By using SMLS an
formula for inhomogeneous media, the ensemble-avera
o

a-

03140
e

-

m
y

i-
a
ed

properties were determined. Especially, ensemble-avera
relaxation-time distributionPen(q,tR) was determined rigor-
ously. It enabled us to study in detail a mesh-size distribut
of network structure in polymer gels. Considering expe
mental results, differences between two types of gels, p
pared at low and high total monomer concentrations, w
respect to the swelling-induced modulation of the static a
dynamic fluctuations were discussed. In order to explain
differences in modulation behavior, a model of netwo
structure was introduced. It was proposed that vinylpolym
macrogels are usually formed by connecting many p
formed microgels.
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