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Hidemitsu Furukawa and Kazuyuki Horie
Department of Organic and Polymer Materials Chemistry, Tokyo University of Agriculture and Technology,
2-24-16 Naka-cho, Koganei-shi, Tokyo 184-8588, Japan

Ryunosuke Nozaki
Department of Polymer Chemistry, Tokyo Institute of Technology, 2-1-1 O-okayama, Meguro-ku, Tokyo 152-8552, Japan

Mamoru Okada
1-6-3 Unoki, Ota-ku, Tokyo 146-0091, Japan
(Received 7 April 2003; revised manuscript received 24 July 2003; published 22 September 2003

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.
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[. INTRODUCTION theoretical approaches, dynamic light-scattering theory for
nonergodic media, was proposed by Pusey and van Megen
Polymer gel is an adventurous soft matter, with many un{4]. This theory is very useful and has been applied to actual
solved and interesting problems. The principal reason of thi®LS studies of polymer gelg5,6], although it takes no ac-
situation is that the available methods to characterize stru@ount of the position dependence of dynamic fluctuation cor-
ture and dynamics of polymer gels are limited. Since a poly+ectly. Recently, one of the present authors has proposed an-
mer gel is a huge macromolecule with an infinite network, itsother DLS theory for inhomogeneous media to derive a
characterization should be performed by situ measure- formula that can be applied to more general cd$8sBy
ments. Dynamic light scatterin@LS) is one of a few pow- using this formula, we can study various kinds of inhomoge-
erful tools to characterize its minute network structure nonneous gels.
destructively. However, difficulty in using DLS for polymer  To use this formula effectively, we have developed an
gels due to the presence of inhomogeneities was pointed oapparatus, a scanning microscopic light-scatteBYILS)
recently[1], and has not been clarified completely. system. By using this system, many DLS measurements can
DLS study of polymer gels was introduced by Tanakabe successively performed at many positions in the sample,
et al. [2]. The relaxation time obtained by DLS is usually and the ensemble-averaged correlation function of scattering
related to the cooperative diffusion constant by Einsteindight can be calculated. With this approach, static and dy-
Stokes relationship3]. Although this relationship is useful, namic fluctuations in polymer gels could be observed sepa-
the fact is that a static component of scattering intensity dueately in the present study and the nature of inhomogeneities
to the static inhomogeneities in gels is inevitably included inof vinylpolymer gels could be elucidated.
a DLS signal. Such a static component sometimes depends The importance of taking into account the inhomogene-
strongly on the measuring position in polymer gels. Thus, foities in DLS study of polymer gels was pointed out several
polymer gels, the time-averaged properties measured at y&ars agd8]. A good deal of studies on the inhomogeneities
single position do not correspond to the ensemble-averagdths been carried out. For example, in the elongation experi-
properties obtained from time-averaged properties measuradents of gels, an abnormal butterfly pattern of scattering
at many positions. This is the so-calladnergodic problem intensity is observed during elongati¢f,10]. This result
and it prevents us from determining correct properties ofwas explained not due to the usual thermal fluctuations but
polymer gels. due to the presence of static inhomogeneities in the[déls
To overcome this problem, several experimental and theSuch inhomogeneities were suggested to originate from con-
oretical approaches have been attempted. One of the magentration fluctuation that are frozen in the gel network struc-
ture[1]. Although a lot of information about the inhomoge-
neities has been reported, such information is not sufficient
*Electronic address: hfurukaw@cc.tuat.ac.jp to know the structure, origin, and properties of the inhomo-
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geneities in polymer gels. In such a situation, we focus in the 1 @ 1 E\__ (b)
present paper on the nature of the inhomogeneities in vi- N
nylpolymer gels, especially on the origin of the inhomoge- 2740 _\:_:-__,_-__..._..._..._..._..
neities. In this respect, the gelation process of vinylpolymer
gels is of crucial importance. N —
The gelation mechanism of vinylpolymer gels is one of | N~ |77

the historical topics in polymer science. The gelation was 00 00
explained by Flory-Stockmayer theory in the early stages of T ’
t_he res_earc_ﬂle]. This theory_ succeeqled in predicting gela- 1 © 1 @
tion points in polycondensation reactions. However, it is not )

Dynamic component

good at quantitatively estimating the properties of the gela-ge(i)(‘l’f)
tion in vinyl-type polymerization. Later, percolation theory

was introduced to estimate the gelation properti&3].

These types of theories are valid for the physical and revers

ible gelation processes, but can be hardly used for the non 0 0
reversible gelation with chemical cross-linking, i.e., with the 0 T

formation of covalent bonds.

From another point of view, the chemical gelation with
the appearance of inhomogeneous microgels has also be
discussed in the synthesis of vinylpolymer gels and network
[14,15. Concretely, the vinylpolymer gels are usually pre-
pared by the copolymerization of a vinyl monomer and
divinyl cross-linker. Since the reactivities of monomer and

cross-linker are sometimes different, the gelation procesg, gec. Vv, the change in the structure and inhomogeneities
should be divided into several stages of chemical reactiongetween as-prepared and fully swollen states of the several

Furthermore, the reactions should be analyzed by considefg|s are discussed and a model for the inhomogeneous gels is
ing the difference between inter macromolecular and intraproposed. Conclusion is given in Sec. VI.

macromolecular reactions. Although these approaches are
complicated, it is necessary to cor_re_ctly inve_stigate the a_cFuaI Il. THEORETICAL BACKGROUND
gelat|or_1 processes to know the origin of t_he mhomogeneltl_es. OF THE DYNAMIC LIGHT SCATTERING

In this context,.the present authors trled.to study the vis- FROM INHOMOGENEOUS MEDIA
cosity growth during gelatiofil6]. The gelation process of
polyacrylamide(PAAmM) gels was explained by formation of In DLS studies, a dynamic structure factdiqg, ) is de-
macrogel from many microgels. Moreover, one of thetermined from the observable propertigq,r) has the
present authors studied the preparation-concentration depemeaning of an autocorrelation function of the density fluc-
dence of swelling behavior of PAAmM gel$7]. It was found  tuation in samplesy is the correlation time, and is the
that different network structures are formed depending on thecattering vector. It can be shown tHég, 7) is directly pro-
monomer concentration in the preparation. The differences iportional to the first-order autocorrelation function of the
the network structure were explained by the differences irscattered electric fiel&(q,7) as[19]
gelation process. To justify such an explanation, we should
collect information on various kinds of network structures by f(,7)~(E* (q,)E(q,t+ 7)) 05 (0, 7), 1)
using various characterization techniqugk8]. This ap- . ) ]
proach could reveal the nature of the inhomogeneities. ~ Where(: - -)e; means ensemble-averaging a@@ (q,7) is

In the present study, the network structure and inhomoged" ensemble averaged first-order autocorrelation function of
neities of PAAm gels are characterized by using a SMLSE(a:t) _ _ _
correlation function. Comparing the structure and inhomogebuilt-in by the concentration fluctuation during preparation
neities between as_prepared and fu”y Swo”en states of th@ac“ons. S.Uch a Sta:tIC ﬂuctua“on IS II’lEVItably Obsel’ved by
several gels prepared at different monomer concentrationdght scattering experiments of usual gels, as a “speckle pat-

we try to clarify the nature of inhomogeneities in vinylpoly- t€rn,” i.e., a large static component of scattering intensity
mer gels and, especially their origin. that strongly depends on the measuring position in a sample.

The format of this paper is as follows. In Sec. II, the The position-dependent static fluctuation results in the fact

theoretical background of DLS is explained simply and thethat the time-averaged autocorrelation function obtained at
general formula for an ensemble-averaged correlation funcone position of scattering volumg{*)(q,7), has an anoma-
tion is derived. The sample preparation of various PAAmlous nonrelaxation component, callecdbaseling which de-
gels with different kinds of inhomogeneities is given in Sec.pends on the position of scattering volume in the sample, as
Il A. The SMLS apparatus and the experimental analysisshown in Fig. 1b). The ensemble-averaged autocorrelation
method of SMLS data are mentioned in Secs. Il B and 11l C,function g{})(q,7) obtained by space averaging of a large
respectively. The experimental results are reported in Sec. \iumber 0fg§1)(q,r) obtained at different positions of scat-

“( Id )en

Static component
0€< IS )en

T

FIG. 1. Examples of first-order correlation functions. Time-
averaged correlation functicgfl)(q, 7) in the absence of static fluc-
ﬁﬂltion (@, and that in the presence of static fluctuatin.

nsemble-averaged correlation functgﬁ’,l,)(q,r) in the absence of
static fluctuation(c), and that in the presence of static fluctuation
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tering volume also has the non-relaxation component that ifot zero, i.e.{E(q,t))#0. In this case, we use the extended
a unique quantity characterizing the sample as a whole, agersion of the Siegert relationship for inhomogeneous media,
shown in Fig. 1d). In the present work, the properties of gels written as[4]
are characterized by the analysis of the ensemble-averaged
correlation functiong{})(q, 7). In the following, we explain 9?(q, 1 =1+ 9" (q, N1~ ygP(a.»)]* (5
the derivation ofg{})(q, 7).
The time-averaged first-order autocorrelation function of’"
E(q,t) is defined by[20] ggl)(q,T)z yf%/l+gEZ)(q,r)—gEZ)(q,O). (6)

(E*(a.DE(q,t+ 7)) (27 In the case of homogeneous mediay("(q,%)=0
{(1(q,))(1 (a,t+ 7))H2 [9?(q,0)=2] and Eq.(5) reduces to Eq(4).
) ) o ) As mentioned above, in order to obtain the dynamic struc-
wheret denotes real timd,(q,t) is the scattering intensity at tyre factor corresponding to the sample as a whole, the
g andt, and(. - -)y means the time-averaging operation. Hereensemple-average correlation functigf)(g,) should be
time averaging” means that the DLS measurement is cargetermined?7], while taking into account the position depen-
ried out at one position of scattering volume in the samplejepce ofg§1)(q 7) due to the inhomogeneities of gels. In

) " . , _

and the time average d&"(q,t)E(q,t+7) is measured on actual measurementgé}])(q,r) is calculated as the space

the laboratory time scale. In the actual measurements with QVerage of the time-averaged correlation function as
common self-beatingor homodyng method, we directly

oM(aq,7)=

measure the time-averaged autocorrelation function of i (E*(9,t)E(Q,t+ 7))en

I(qg,t), i.e., the time-averaged second-order autocorrelation gen(an)E( (a0 (ot 12

function of E(qg,t), which is defined by20] (1)) erf(1 (0t + 7)) en)
_ (<E*(q,t)E(q,t+ T)>t>sp

)

1(g,t)I(q,t+
(I(g,0)1(q )it 3) T@))en ,

(Ha,0))Ha,t+ 7))
h e - i tion. B i
Since we would like to determine the dynamic structure fac-\llzvq;rg am}js(%)mvevznsbts;ﬁce averaging operation. By Using

tor from g{?(q,7), we need to relatg{?(q,7) to g*)(q, 7).
There is a known approximate relationship between them,

9?(q,n=

_ <<| (qvt)>tg§l)(Q: T))sp

called Gaussian approximation, which can be usds d,t) géﬁ)(q,T a(g,0)

is the zero-mean Gaussian variables. This relationship is e

written as[19] (@) V1+gi(9,1)-97(0,0)sp
9% a,1=1+y[gR(a, 712 @ @ )er

where y (0=y=<1) is called the coherence factor which ®
takes into account the incoherence effect arising from thét should be noted thag$)(q,7) #(g*(q,7))sp. Thus in
finite area of the detector. In an ideal conditige=1. This  order to caIcuIategfaﬁ)(q,r), we should use Eq8) [7].

ideal condition is commonly used in DLS analysis, and is If one focuses only on the dynamic component of the
known asSiegert relationshipln the case of gels, however, dynamic structure factor, i.e., on the dynamics of the inho-
this equation cannot be used because actual gels usually hammgeneous media, the normalized dynamic component of
static inhomogeneities so that the time averag&(@f,t) is ggﬁ)(q,r) can be calculated by

Ag(q.r)= T (@D~ (A=) (1(@0) 1+ 01707~ 6H(A0)sy— (1(a.0)02-9P(0.0)sp
T 9R@0-gfa) (@) en= (1) 1V2=gP(0,0))sp '

(€)

Note that this equation is free from. It means that the the static fluctuation. Thus we obtain the following equations
incoherent effect need not to be taken care of in the analysis’,21]:
of dynamics by using Eq9).
Further, by using the baseline gf%)(qg,7), we can obtain .
separately the static and the dynamic componeh&g) )en (@) en=(1(A,1))er@SH (0, ), (10
and(l4(q,t))en, Of the ensemble-averaged scattering inten-
sity (1(q,t))en. From Fig. 1d), we find that the heterodyne L
function g{})(qg,7) has a “baseline” due to the presence of (da.t))en=(1(a,t))ed 1— 95 (a,2)]. (12
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monomer concentrations widely over these gel | and gel Il
regions.
In order to study the swelling-induced modulation of the
, gel properties, both as-prepared and equilibrium-swollen gels
. Gell . were prepared as follows. In order to avoid hydrolysis at
10‘35‘ IR e room temperature, all the preparation procedures were car-
C " ried out at 6.0°C. The pregel solutions were filtered with a
Sol o’ micron filter of 0.22um pore size to remove dust particles
) . and bubbled with nitrogen to purge oxygen. To initiate redox
104 E e . polymerization, ammonium persulfate as an initiator &hd
E : ' N,N’,N’-tetramethylenediaminéWako Chemicals Cg.as
an accelerator were added to the pregel solutions at net con-
centrations of 0.4 mg/ml andid/ml, respectively. Immedi-
ately after the addition, the solutions were transferred into
Ll NN glass tubes of 4.5 mm inner diameter for as-prepared sample
10" 10° gels and into glass molds of 1-3 mm inner diameter for
swollen sample gels. After 24 h, the latter gels were pushed
out from the molds and soaked in a large amount of water for
FIG. 2. The monomer composition of the gel samples prepared Weeks at room temperature to reach the swelling equilib-
in the present study: Filled circles indicate the concentrations ofium. The swollen gels were then transferred into sample
AAmM monomer and BIS cross-linker of pregel solutions. The con-glass tubes. Initially, ten types of samples were prepared.
centration ratio of AAm to BIS is constant. The meaning of threeHowever, lower concentration gels became fragile and the
regions is described in the text. lowest concentration swollen gel could not be treated easily.
This gel was then excluded from the measurement of swell-

; i i MLS.

By using the above formulas fag(®(q,7), Ag(q,r), Indratioand s . .
(D) em aNd (14(Q1))ens We are aE)Te to char;gterize the  The equilibrium swelling ratio of the swollen sample gels
whole properties of the inhomogeneous medium, even WheW?‘ﬁ deterr:]uned from the d|am§té-:~rs of the fglalsr,neasured
it has a nonergodic nature. Especially, as described belov\f‘,’It a Cﬁt etomclate(alccuracyk .01 min Boe ore measure-
we can calculate an ensemble-averaged distribution functioﬁhgnst\j/'etl"f’1 gsaergl?iliebﬁﬁ ri WTGr:g ai?);?éﬁtoé?/vjliaog; ?:Hg,\t,ggea(:h
Pe(0, 7r) Of relaxation timery directly fromAg{(q,7) by : ) . .
uging aRkind of inverse Laprace transform meenthod. Such alculated by= (L/Lo)?, wher_eLO is the inner diameter of
P<(q,7r) gives full information on the dynamic fluctuation ngl TOI/d' Thehactual §W?£mg r?@ Wis C?ICUIa;e? ?31
of the media. In case of polymer gels, for instance, distribu-Q_ p=a ¢t0 W ere”qS IS I e Vo UTE. raction o thofl
tions of mesh size, cluster radius, and so on are obtaineﬁogsogiggpéj iqr:alsswo en gels in equilibrium, agd is tha
Further, from(1(q))en and{l 4(q,t))en, We can obtain valu- ) ) T . -
able information on static and dynamic inhomogeneities in The swelling behavior of the sample gels is shown in Fig.

polymer gels. These are intrinsic merits of using the abovée The value. ol changes dn‘ferently as a function g in
equations. different regions. In lowg, region @ decreases sharply as

¢ increases, while in higlp, region « increases gradually

as ¢ increases. There is a crossover concentration between
IIl. EXPERIMENT the two regions as shown in Fig. 2. The valueQalso has
two kinds of ¢ dependences and the change occurs at the
crossover concentration. It has been found in our previous

PAAmM gels were prepared by radical Copolymerizationstudy[17] that this behavior is observed universally and in-

of  acrylamide (AAm) monomer and N,N’- dependently of the molar ratio of the cross-linker to the
methylenebisacrylamid@IS) cross-linkeWako Chemicals monomer. The swelling behavior is described by the follow-
Co) in aqueous solution. The pregel solutions were preparethg experimental formula:
by varying the total monomer volume fraction in solution,

10-2;. T T T

Cross-linker concentration (g/ml)

107 e
103 107

Monomer concentration (g/ml)

A. Preparation of polyacrylamide gels

b0, systematically while keeping the ratio of the cross-linker _ A ] B

to the monomer constafiBIS/AAM=0.246 mol%. At this Q=Aldo= by e Polter 0 b (12
ratio, the average number of monomer units between cross- 1+ g)

linking points, N, becomes 200 if the reaction occurs com- ¢

pletely.

The concentrations of the monomer and cross-linker invhere g, is the crossover volume fractiorpg=0.059 in the
solutions are shown in Fig. 2. In this figure, the broken linespresent cage A andB are constantsg, is the gelation vol-
denote two kinds of boundaries. One indicates the sol-gelime fraction, anc andb are adjustable indices. It suggests
boundary. The other corresponds to the crossover betweghat in each region different gels with different nature of
two different types of gel§l17]. The differences will be ex- network structure are formed. In low, region, gels may
plained below. The sample gels were prepared by varying theave many defects due to the fractal-like structure that forms
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FIG. 4. Schematic of scanning microscopic light-scattering ap-
paratus. L: laser, OL: objective lens with super-long-working dis-
tance, SH: sample holder, GM: computerized goniometer, ZS: com-
puterizedz-axis scanner, PH: pinholes, CL: convex lens, OF: optical
function of total monomer volume fraction in preparatiofy, fiber, PM: photom_ultiplier with preamplifier and discriminator
whereV, is the volume of gel in preparation andis that in the counter, MD: stepping motor drlve_r, TC: temperature controller and
state of equilibrium swelling. Closed circles indicate the actualthérmometer, IC: correlatefpulse interval countgr PC: personal

swelling ratioQ= 1/, whereg is the equilibrium volume fraction ~COMPUter.

of polymer chains. The solid curves are fitted ones to the experi-

mental formula(12) described in the text. scattering cell was better than 0.001°C. The scattered light is
detected as a train of photon pulses with a photomultiplier
(Hamamatsu Photonics, R649&8nd input to the PC with a

near the gelation point. On the other hand, in higregion, ample laboratory-made correlator, which measures intervals
gels may have many topological entanglements among sub- P Y '

chains of network. Then, the effective concentration of cross- etween the photon pulses W!th a 10'MHZ crystal oscillator
linking points becomes large. In the following, we study the?s @ time scaler. The_correlatlon function was calpulgteq by
properties of the different types of inhomogeneities due tgisng a soft\_/vare which counts the frequency distribution
the different structure of networks. (frequency hlsto_grabnof the intervals between t_he photon
pulses and provides the frequency curve of the intervals as a

FIG. 3. The equilibrium swelling behavior of the sample gels.
Open circles indicate the apparent swelling ratie-V/V, as a

B. Scanning microscopic light scattering correlation functior{23].
In the present study, we constructed a SMLS apparatus to o
measure both the time course of local scattering intensity and C. Characterization of ensemble-averaged
its autocorrelation function at a large number of positions in correlation functions

a sample. The schematic view of SMLS is illustrated in |5 the present work, the dynamic component of the
Fig. 4. For light source, 22-mW linearly polarized He-Ne gnsemple-averaged correlation functiag(})(7), was ana-
laser was used. Incident light is focused on the sample with Rzed with a kind of inverse Laplace transfofhT ) method.
40X objective lens of super-long-working distance, so that, generaI,Ag(eﬁ)(r) can be approximately expressed by a

the beam diameter at_scattering volume is aboutr3. Scat- superposition of many exponential functions[24,25
tered light passes a pinhole of 1p0n aperture, and focused

by a convex lens onto an end of optical fiber of 106+ n r
aperture ad 2 m length. The two apertures satisfy the coher- Ag(r) =N, PefIn TR,i)exy{ — —) , (13
ent condition[19]. The optics is mounted on an arm of a =1 TR

goniometer, whose length is 30 cm. The goniometer is con- ) ) ) ) )
trolled by a personal computdéPC) (NEC, PC9821Ap2 where{g;} is a geometric progression of relaxation time
The available scattering angle usually ranges from near 0° tgXPressed as
145°. The sample holder has a cylindrical shape, 5 cm in

. . . = ) \(i—1)/n i=
diameter. It is made of an aluminum block and has a center  7Ri= 7R,mirl 7R,max/ 7R,min) (i=12,...n)

hole 10 mm in diameter, with a 10-mm glass tube inserted (14)
inside as an oil bath. A light-scattering cell, glass tube of 5 . . i

mm outer diameter, is immersed in the oil bath. The sampl@md'\l is a normalized factor defined as

holder is moved vertically by a stepping motor with a mini-

mum step of 1xm. A thermistor is set in the oil bath. The N= EmTR'maX_ (15)
thermal controller is made of a Wheatstone bridge circuit N TR min

with the thermistor and a proportional-integral-differential
action circuit[22]. The temperature stability of the light- Here, it is easy to check th&(In 7r;) satisfies
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FIG. 6. The ensemble-averaged scattering inte{ty,t) )., as
100 b =013 N a function of the volume fraction of total monomer units in prepa-
ration, ¢, for both as-prepared and equilibrium swollen gels. The
scattering angle is 60°. The solid curves are guides to the eye.

(I} (10% pulse/s)

PAAmM gels. These results were obtained by (- step
scanning measurements of the gels in both as-prepared and
. : ) B equilibrium swollen state<l(q,t)); was measured at each
100 L ' ' ' ' ] position of the gel and plotted in Fig. 5 as a function of the
$,=0.32 P scanning positiongg in Fig. 5 is the volume fraction of
monomer and cross-linker at the time of preparation, i.e., the
volume fraction of the gel in the as-prepared state. Each plot
indicates the position dependence(bfq,t)); in the equilib-

rium swollen state as well as in the as-prepared state for gels
prepared at the samf,. Such a position dependence is often
called a speckle pattef].

For small ¢¢ (¢9g=0.034), wherea=6, the swelling-
induced growth of1(q,t)), is strong. For intermediaté
(¢o=0.058 and¢,=0.13), wherea=2-3, the growth of

FIG. 5. The position dependence of the time-averaged scattering (q,t)); is weak. Further, for largeb, (¢o=0.32), where
intensity(1(q,t));. The scattering angle i8=60°. Hereg¢, is the =3, the growth of(I1(q,t)); is again strong. The compari-

Scanning position (um)

volume fraction of monomer and cross-linker in preparation. son of the landscapes of the speckle patterns shows that the
notches are narrow and deep for lagg and for smallg,
In 7R, max the valleys have sometimes flat regions.
fln . PedInrr)dIn 7q Figure 6 shows thep, dependence of the ensemble-

averaged scattering intensity(q,t))e, for both as-prepared
n IN 7R ma— N 7R min and equilibrium swollen gels. Hek¢(q,t) )., was calculated
:;1 PerIn 7r,) = =1. (16 as(1(a,t))en={(1(a,t))1)sp- For as-prepared gell(q,t))en
has a minimum in the intermediat®, region. As gels be-
where we have used EL3) in settingz=0. come swollen{l(q,t))e,increases and th¢, dependence of

By using Eq.(13), we can obtain the distribution function {!(d:t))en is more pronounced. For the swollen gels,
of relaxation timeP(In ), directly fromAg®)(7). Thus, (! (d:1))en has again a minimum in the intermediatg re-

in the present study, the nonlinear least squares fitting 0gion. However, the minimum is shif_ted to a higher value. For
Ag{H(7) to the right-hand side of Eq13) was performed the largesipo (4o=0.32),(1(q,t))enin the swollen state has

" a maximum value.
where{P{(In 75;)} was treated as a set of fitting parameters.” " _: .
The fitting was performed withrg = 107 8s, TR 10t s, Figure 7 shows ensemble-averaged autocorrelation func-

andn=70 for all cases of ILT analysis in the present work. tIO!’lS gg})(q,f) of the PAAM gels.gg}])(q,r) was calculated
using Eq.(8) from more than a hundred{?(q,7)’s mea-
sured at different positions. HenagL)(q,7) gives unique
information specific to each gel independent of measured
Figure 5 shows the swelling-induced fluctuation andpositions. Eacrgg)(q,r) reflects a relaxation process atop a
growth of the time-averaged intensityf(q,t)), for the  non-decaying baseline. This relaxation corresponds to the

IV. RESULTS OF SMLS MEASUREMENTS
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FIG. 7. The ensemble-averaged autocorrelation functiongleépendence seems to be somewnhat strong for the lafgest
o(q,7) for both as-prepared and equilibrium swollen gels. The(®o=0.32), while it is rather weak for the othet,. Further,
scattering angle is 60°. Heré, is the volume fraction of total for equilibrium swollen gels(l(q))., strongly depends on
monomer units in the as-prepared gels. ¢ and there is a minimum dfl (q) )¢, in the intermediatep

region. The scattering angle dependence seems to be weak.
so-called “gel mode.” The term seems to be somewhat broac<1IS(Q)>en has a maximum value for the largegt which is

. also similar to the behavior @ (q,t))e, Shown in Fig. 6.
and the process may not be expressed by a single exponenuaf‘ln the following, the detailed analysis of dynamics in the

decay. The relaxation time will be analyzed in detail beIOW'PAAm gels is explained. The dynamic component

Here, we cannot think of any other relaxation process insteaq (1) :
of the gel mode. The baseline gﬁ])(q,r) depends ong, ggen (g,7) was calculated based on E®). The scattering

. . ; . angle dependence m\fgg(q,r) at ¢,=0.086 is shown in
an?: Its Ie\I/eI |tncreas<zs \ﬁ')th swelhﬂg. in Fias. 6 and Fig. 9. As the scattering angle increases, the characteristic
h rom.( (q’d)ée” an .ge“(q'T) (s owd? In FIgs. | and)7 time of the relaxation process is shifted to the left, i.e., the
the static and dynamic components§ (a.0)en, (1(0))en shorter times. Moreover, the relaxation time is shifted to the
and(l 4(q,t))en were calculated by using Eq&l0) and (11), right by swelling.
respectively. In Fig. &1(d))enand{l4(a,t))enare plotted as By using the ILT analysis as explained in Sec. Il C, the
a function of the volume fraction at the time of measurementisiribution functionP
i.e., as a function o, for the as-prepared gels agdfor the

(0, 7R), Of the relaxation timerg is
a7 tained fromAg{Y(q, 7). F le, th tteri |
equilibrium swollen gels. This figure shows the values forOb ained fromAge, (g, 7). For example, the scattering angle
several scattering angles, i.65 40,60, and 95°.

dependence d®.(q,7g) is shown in Fig. 10P.(q,7g) was
It was found that the dynamic componefit(q,t) e, is

calculated fromAg{})(q,7) as shown in Fig. 9. We can see
well scaled by a power function of the volume fraction at thebOth 9 dependence and swelling effect Bg,(q,7g) clearly.
time of measurement, which is shown by a solid line in the

For the quantitative analysis of dynami€s,(q, 7g) was fit-
figure. The scattering angle dependencélgfa,t))e, seems ted to a logarithmic Gaussian distribution as

to be weak and there seems to be little difference between | 2
as-prepared and swollen gels. On the other hand, the profile Podq TR):AGXF{ _ (19G10 7r— 1)
of the static componentl (q))e, is different between the ’ 202
as-prepared and the equilibrium swollen gels. For as-

prepared gelgl (q))en 0nly weakly depends othy. Thereis  whereA is the amplitudep is the average of the logarithmic

a minimum in an intermediaté, region, similar to the case relaxation time, and@? is the dispersion. Fronr, the distri-
of (1(q,t))en Shown in Fig. 6. Moreover, the scattering angle bution width of the relaxation time can be estimated. In Fig.

; 17)
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(Fl|)G- 9. An example of the scattering angle dependence of F|G. 10. An example of the scattering angle dependence of
Ager(a,7), the dynamic component of the ensemble-averaged aup,, (q, 7z), the distribution function of relaxation time. Hefes the
tocorrelation function. In each plot§ is the scattering angle. scattering angle. Th®,{q,7z) was obtained for as-prepared and
Agg}])(q,r) was obtained for as-prepared and equilibrium swollenequilibrium swollen gels prepared gt,=0.086.
gels prepared ap,=0.086.
plotted in Fig. 13. It is found that bot® ., of the as-
prepared and the equilibrium swollen gels are fitted well to a
power law function except for two data points of the lowest
L . . o ¢ and one data point of the highegg. From the fitting, the
ation time was given byrg) =10“ and its stapgzard deviation qj,h6 of the power-law of 0.51 is obtained. According to the
6((7r)) was given by(rg)= (7)) =10"""". For x-  poh theory[3], the ¢ dependence 0D ¢o0 for semidilute
ample,(TR) of the gel prepared ap,=0.086 is shown_ N holymer solutions is given by)coopquv/(swl), wherev is
Fig. 11. Here, the scattering angle dependence&raj iS  he exponent of Flory radius:=23/4 for a good solvent and

shown with the absolute value of scattering vedjor is »=0.5 for a® solvent. Thus, for a good solverid
defined byq=(4mn/\)sin(6/2), wheren is the refractive _ ;075 ’ oo

( : ; : , and for a® solventD .0~ ¢ However, the ob-
index of the sample solution) is the wavelength in @ (5ineq value of 0.51 is rather small compared to these expo-

vacuum of the incident beam, arids the scattering angle. If nents. The reason of this discrepancy will be discussed in
the _(éiyn_almlcs is induced by the diffusion proce¢sr)  sec. v C in detail. The right vertical axis of Fig. 13 indicates
=Q “Dgop: WhereD ooy is the cooperative diffusion coef- he plob size of gel networké,,, Which was estimated by
ficient. Theq dependence ofrg) was fitted to a power-law ysing Einstein-Stokes relationshiPyoos=ksT/(37 700,
function, as is shown in Fig. 11. The slope was found toyherekg is the Boltzmann constant, is the absolute tem-
correspond approximately te-2 for both the as-prepared perature, andy is the viscosity of the solvent. As seen from

10, the solid curves indicate the fitting results with ELj7).
The fitting goes well as shown in Fig. 10.
From the fitting analysis with Eq17), the average relax-

and the equilibrium swollen gels. W Fig. 13, the values ofy,, range from 3 to 60 nm, which
Figure 12 presents trcqez-scalel(j plot ofAge/(9,9°7). It corresponds to the mesh size of the network.
was found that they?-scaledAg{)(g,q%7) converges well In order to observe the swelling-induced change in dy-

onto a master curve. It means that the relaxation ohamics of the gels, the distribution functions of the relax-

Ag{¥(qg,7) can be well explained by the diffusion process. ation time, P.(d,7r), were obtained for all the samples at
Further, for each sampl®,., was calculated fronf7g) the same scattering angle 6&=60°, as shown in Fig. 14.

determined a¥=60°. Thee or ¢, dependence dD ., is From these results, it was found that the width of the
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distribution increases with swelling. To analyze such broad- 2
ening, theseP.(q,7g) were fitted with Eq.(17) and the @ 1 6 =0.034
width of the distribution of the relaxation time was estimated (s
from o. Note that for the swollen gel ofpy,=0.026, 0 I I I ' I
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P.(0d,7r), the distribution function of the relaxation timg. Here
FIG. 12. Theg?-scaled correlation functiorrSgé,lj)(q,qZT) were ¢o is the volume fraction of total monomer units in preparation. All
plotted for as-prepared and equilibrium swollen gels, which wereP.{q,7g) were obtained at the same scattering angl&sf60°.
prepared ath,=0.086. Solid curves are fitted ones to Ed.7).
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0.5 A N not be performed. In higl®, region, o decreases by swell-
As-prepared gels ing a_nd, for¢g>0.04, o behave:_; as a _decreasmg power-l_aw
04l . ceen Swollen gels | function. It means that fche_d|str|but|on of the relaxatlon
’ & modes sharpens by swelling in gels prepared at high concen-
trations. The data point to a large qualitative difference be-
031 @ - tween the twog, regions, which will be discussed in Sec.
5 Y Vv C.
8,
02 5 _
M/ V. DISCUSSION
01L B, - | A. Difference between time-averaged correlation function
’ " and ensemble-averaged one
0 L L As mentioned in Sec. |, in order to overcome the noner-
102 101 10° godic problem with the DLS of inhomogeneous media, sev-
eral approaches have been performed. Pusey—van Megen
9o equation[4] was proposed and has been sometimes used for

éolvmg the problem[5,6]. Pusey—van Megen equation is

FIG. 15. The swelling-induced change in the broadness of th
written as[4]

relaxation time. Here the distribution width of the relaxation time,
o, is plotted as a function of the volume fraction of total monomer

units in preparationg,. The solid and broken curves are guides to (1) (Y_ D+ \/1+gt2)(q'7) _th)(q'O)
the eye. Jen,pM A, 7) Y '
(18
of the peaks is large and placed at slower relaxation time as
compared with the peak of the as-prepared gel. The othe¥here
peak is very small and placed at the same relaxation time as
the peak of the as-prepared gel. Y= (1(q,1))en (19)

Figure 15 shows the swelling-induced change in the re- ((g,t))
laxation widtho. For as-prepared gels; indicates a weak
dependence oy, and has a minimum at an intermediate This equation can be derived based on the assumption that
¢o. For equilibrium swollen gelsg, dependence off be-  static component of fluctuation depends on position while
comes significant. In lowp, region, o increases markedly the dynamic component does not depend on posiiigrThe
by swelling. For¢,<0.04, o decreases steeply ak, in-  dynamic component of the ensemble-averaged correlation
creases. As mentioned in Sec. Il A, the lowestgel is so  function, Agg}ﬂp,\,(q,r), is written by using this Pusey—van
fragile in the swollen state that its SMLS measurement couldMegen equation as

SCE Gervend O 7) ~Genen @) _ V1+017(a,7)—0i"(q.0 —V1+9i7(q2) ~gi7(a.0) (20
HT ania0-olaie) 1-1+gP(a=)-9(a0)

On the other hand, by using the extended version of Sigert equ#ipthe dynamic component of time-averaged correlation
function, Ag{*)(q,7), is calculated as

gi(a.n-g{"(g) _ V1+g(q,n)—g((a.0— V1+g{(q.%)-g{?(q.0

AgiM(g,T
9D 0.0 - 9Pam) 1-1+g”(q2)~gi”(q.0)

(21)

Then, we can see thatg{}) (g, 7)=Ag*)(q,7) basically.  Therefore, when the dynamic fluctuation is calculated from a
It means thagen sMd,7) may change with measuring posi- time-averaged correlation function at a measuring position,
tions, if g*)(q, ) depends on position. 9{®(q,7), by using Pusey—van Megen equatit®0), the

Figure 16 shows several profiles Afgg}]),;,\,(q 7) mea- exact dynamic fluctuation characterizing the whole of the
sured at different positions in a swollen gel. It is found thatsample gel may not be observed.

éﬁ)pw(q 7) depends on the position, suggesting that the On the other hand, the generalized equati®ncan pro-
dynamic fluctuation in this case depends on the position. Agide rigorously an ensemble-averaged correlation function,
is seen in Fig. 16Ag(e%1),P[\/(q,T) with the slowest relaxation even if the dynamic fluctuation depends on the posififin
time is a few times as slow as that with the fastest oneln Fig. 16, a dynamic component of an ensemble-averaged
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different types of gels will exhibit different behavior of static
intensities when observed with SMLS.

In fact, some differences for gels with low and high con-
centrations of total monomer units in preparation were ob-
served in the analysis of the scattering intensities. For low
¢o gels, the landscape of position dependencél d,t));,

i.e., speckle patterriFig. 5, and hence(l(q))en (Fig. 8
increase by swelling. Ag, decreases, the extent of the in-
crease becomes larg@¥ig. 6). Such a behavior is consistent
with the predicted network structure mentioned in Sec. Il A.
It means that the gels prepared in l@ghy region have many

t

en

Ag (D), Ag V()
o
wh
I

O B L II\HIIl 1 IIIIHI| 1 III\III‘ 1 I.\Ill.lll 1 \I\Ill\l L IIIIHIl defeCtS in their network StrUCture and the inhomogeneities
100 10° 10* 10° 102 10% 10° due to such defects are enlarged by swel[i®d0]. Sincea
z(s) increases ag, decreases$Fig. 3, the swelling-induced in-

crease in inhomogeneity becomes largepgdecreases.

FIG. 16. The comparison of a dynamic component of an For high¢g gels, strong scattering angle dependencle of
ensemble-averaged correlation functiag{})(q,7), (a solid curveé  for as-prepared states was observEdy. 8. This and the
with those of time-averaged correlation functions at several measustrong speckle pattern induced by swelliffgig. 5 could
ing positions Ag{*(q,7), (broken curves These were obtained for mean that the characteristic length of the inhomogeneous
an equilibrium swollen gel prepared & =0.026. The scattering structure is about the same order of magnitude as the wave-
angle is 60°. length of light, i.e., of submicron or smaller. On the other

hand, for lowg¢, gels, the characteristic length may be large

correlation function for the same getg{})(q,7), is shown because the speckle pattern shows strong position depen-
from the calculation using the general equatih It can be ~ dence(Fig. 5. Therefore, it is expected that the gels pre-
seen thatng{})(q, 7) obviously reflects the profiles of several Pared in high, region have dense and complicated struc-
Aggl)(qn_)’ and the profile ongfjﬂ(q,r) ranges over the ture m_submlcron scale o_Iue to the existence of many
entire Agﬁl)(q,r). It means thatgg)(q,r) contains much topologically entangled points as well as due to many

more exact information on the whole proberties of the elchemically—cross—linked points in the network structure. Pos-
(1) prop lsible origins of such structures are discussed in detail below.
rather thargg,'p\(, 7) does.

. . Let us take another point of view in order to answer a
Moreover, there may be a spatial correlation betweerhuestion how to synthesize homogeneous gels. For as-
(1) in i - -
g ’(g,7) and(l(q,t)), in inhomogeneous media. From the

: , X prepared gels, an intermediate concentration is preferred to
standpoint that such a spatial correlation relates to the progs ke homogeneous network on submicron scales. This is

erties of the inhomogeneous media, the detailed analysis @fye to the effect of crossover among subchains. At low con-
the spatial correlation can illuminate unsolved problems CONgentrations, the crossover is so small that cross-linking reac-
cerning polymer gels. We are now studying the spatial coryjon does not proceed well and prepared gels tend to have
relation in polyN-isopropylacrylamidg gels. The detailed many defects in their network. At high concentrations, the
results and discussion about this will be reported elsewhergytansive crossover results in many topological entangle-
ments among subchains as well as many cross-linking points.

B. The swelling-induced modulation of the static fluctuation The prepared gels tend to have many dense regions and can
be characterized by a weak segregation of network. Even for
%quilibrium swollen gels, the intermediate concentration is
referred for the preparation of homogeneous network on

have been performefll]. When such experimental result ubmicron scales. As suggested above, the swelling to equi-
v pertor : su xper results Jiprium always enlarges the submicron-scale static inhomo-

are compared to theoretical predictions, it should be kept ”beneity. Therefore, gels remain homogeneous at intermediate
mind that the static fluctuations result from frozen 'nhomo'swelling levels

geneities which have been introduced by the concentration
fluctuation of cross-linking points in preparation and are
memorized forever with covalent bonds in their network
structure. Although the origin has been understood qualita-
tively, the nature of the static fluctuations has yet to be fully By using SMLS, the ensemble-averaged correlation func-
understood. tion of inhomogeneous gels can be determined correctly.
In an attempt to shed some light on the problem, we studFrom the distribution function of relaxation timBe¢{q, 7R).
ied here the swelling-induced modulation of the static fluc-we can extract a good deal of information on the inhomoge-
tuations. In a previous study by Furuka\&/], it was con- neities on the scale of the mesh size of gel network, i.e., on
cluded that different types of network structure of the scale of nanometer.
polyacrylamide gels are prepared at low and high concentra- The ¢ dependences dfl 4(d,t))e, andD o0 (Figs. 8 and
tions of total monomer units. Hence, it can be expected that3) show that the ensemble-averaged values of dynamic

become a fundamental topic of reseaf8h To elucidate its
origin, scattering experiments on uniaxially extended gel

C. The swelling-induced modulation
of the dynamic fluctuation
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properties of gels depend linearly in log-log scale on the

volume fraction at the time of measureme or ¢, re- As-prepared
gardless of the gel being in as-prepared or equilibrium-  state
swollen state. It means that the ensemble-averaged dynami
properties are induced by thermal fluctuations. Thus, the os

motic pressure is important and it directly corresponds to theEquilibrium
volume fraction at the time of measurement. Therefore, the swollen
ensemble-averaged dynamic properties are modulated b  state
swelling through thep change fromeg, in preparation top

in measurement.

Now, note again the dependence dd ., shown in Fig. Low ¢, gel (Gel I) High ¢, gel (Gel II)
13. As mentioned aboveD .., Which is of the order of
nanometers, corresponds to the mesh size of the networlk Scope for Scope for
Hence, it means that the mesh size of gel network is almos (1) Q (Ig)en and
always controlled by the volume fraction at the time of mea- (subn‘ii;]on) Poo(TR)

surement. Concerning the slopedf,,, versuse, there is a (nanometer)
discrepancy between the present results and the blob theory

[3]. It may come from the crossover behavior between dilute FIG. 17. lllustrations of as-prepared and equilibrium swollen
and semidilute solutions. There is a crossover concentratiofetwork structure of the macrogels formed from microgels in low
¢* between them. In the low limit of dilute polymer so- ~ &nd high monomer volume fractions in preparatigg,

lutions (not for gels, the diffusion coefficienD is equal to ) _ _ _

D,, which corresponds to the hydrodynamic radius of iso-0rder to clarify this point, we note that the spatial scales of
lated blobs of polymer chains. TheD begins to increase these two kinds of fluctuations observed in the present study
with the increase inp asD=Dy(1+kp+---) even forg Py SMLS are different. The static fluctuations measured as
< ¢* [26], wherek is a concentration coefficient. Abowk*, (140))encorrespond to the static inhomogeneities of concen-

the ¢-dependence db becomes marked, with a slope of 3/4, tration on a submicron scale. The dynamic fluctuations mea-
which can be explained by the blob theory. It is knojg] ~ Sured as(l4(q,t))en and Pe(q, 75) correspond to the width
that at¢* the value of slope changes from a small value to®f mesh-size distribution on nanometer scales. Therefore, the

3/4 continuously, and an intermediate value of the slope iglifférence of swelling-induced modulation between dynamic

sometimes observed arougd . Therefore, for gels, such an and static fluctuations means that the nature of inhomogene-
intermediate value may be observed. &:oncerni'ng the gejges on nanometer scales is essentially different from that on
prepared in the present study, it is difficult to synthesizeSUPmicron scale. This suggests the existence of a kind of
sample gels withp much higher thars* . Thus, the actually hierarchical structure in vinyl-type polymer gels.

observed slope does not reach 3/4. Further, as shown in Fig. In order to illustrate the anomalous behavior of the
13, some plotted points for the lowegtand the highesi, welling-induced modulation, a model of network structure

drop off from the power-law function. We consider that thefor vinylpolymer gels is proposed here. In the preparation of

drop off of the lowestp is due to defects in highly swollen vinylpolymer QEIS’ r'adical copolymerization of a monomer
gels and that of the highest, comes from some kinds of and a cross-linker is always performed. As the number of

inhomogeneities in the mesh size. The latter phenomenofy!ctional groups, e.g., vinyl groups, in the cross-linker is
will be discussed below. usually larger than that in the monomer, the reaction rate of

For the analysis of inhomogeneities, the swelling—induceothe cross—linker is statistically Iarg(_ar than that of the mono-
change in the dispersion &%,(q,rx) shown in Fig. 15 is mer |n.the first stage of polymerlzatlon and many multi-
noteworthy. We consider that the disperswiorresponds to branching polymer molecules, i.e., many microgels are pro-

the distribution width of mesh size. Thus, it directly reflectsduced'. In the second stage, when the conce_nt_ranon of the
the inhomogeneities of gel network on the scale of nanom¢Sross-linker has decreased, the rest of the virgin monomer

eters. At low ¢y, o increases strongly with swelling. It molecules start to react with the microgels, which grow in
. 0 .

means some of the nanometer-size defects of gel network arg® and ggt connected with each other. In this way m|c'rogels
enlarged by swelling. We suppose that by swelling many’;\ggregate into a macrogel. In these processes, two kinds of

voids emerge in the network. On the other hand, at kigh reactions, i.e., intramicrogel chain growth and intermicrogel
o decreases with swelling. This is apparently an’omalous peonnection, statistically compete depend_lng on the concen-
havior because it means that the nanometer-scale concent}éqf&?r;sv\?fmm?]n?nmfr' Crzosflj[lrlntli(e:], ang mlirogelis j ¥

tion fluctuation of the network is focused by swelling. The ow monomer concentrationsfy<¢o= ¢, i.e., ge

possible explanation of this interesting phenomenon will g €9ion shown in F'g‘.)z the_lntramlcrogel reaction may be
discussed in the following section much faster than the intermicrogel one, so that an incomplete

network structure will be formed with many defects existing
among the microgels. The network structure formed in this
condition is illustrated inla) of Fig. 17. During the forma-
As mentioned above, the swelling-induced modulation igtion of such structure, the aggregation of microgels occurs
obviously different for static and dynamic fluctuations. In inhomogeneously and near the gelation concentratigna

D. A model of inhomogeneous network structure
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fractal-like network structure is preferably formed from mi- structure where a small amount of dense part formed in the
crogels as constituent components. Some of the present aas-prepared microgels remains and a large amount of thin
thors (H.F. and M.O) tried to apply this model to the region exists among microgels, as showr(Ig) of Fig. 17.
preparing-concentration dependence of viscosities of PAAm On the other hand, concerning the high-concentration gels
sol solutiong 16]. prepared in gel Il region|l {q))en for the highest concentra-
On the other hand, at high monomer concentratiops ( tion as-prepared gels af,=0.32 depends on the scattering
=< ¢y, i.e., gel Il region shown in Fig.)2the intermicrogel angle (Fig. 8. This suggests that there exist large-scale in-
reaction can proceed more frequently than the intramicrogehomogeneities. The autoacceleration of microgel aggregation
one in the second stage of gelation, so that a dense amtcurring at the high monomer concentration may cause tur-
complex network will be formed with many topological en- bulence in the spatial distribution of microgels. Thus there
tanglements among microgels. The network structure in thigxist locally dense and thin regions on a submicron scale,
condition is shown in(ha) of Fig. 17. In the case of high which bring about static fluctuations of the local osmotic
monomer concentrations, microgels fill up most of the solupressure. Moreover, for high-concentration gels, the scatter-
tion in preparation. The spatial distribution of microgels in-ing angle dependence df(q))e, tends to diminish with
evitably develops an extent of inhomogeneity, which de-swelling (Fig. 8 and the position dependence of the scatter-
pends on the aggregation process of microgels. Hencéng intensity sharpens with swellingrig. 5. Although it is
microgels are separated by thin spaces of varying size fillegossible to assume from these results that the characteristic
with large number of topological entanglements, which bedength of the large-scale inhomogeneity decreases, more de-
have like cross-linking points. Further, once the aggregatiomailed observation should be performed in future for its con-
of microgels starts, it is often locally accelerated, and largefirmation. Further, concerning the dynamic fluctuation, ap-
scale inhomogeneity belonging to the hierarchy of a higheparentD .o, for the highest concentration as-prepared gels of
rank may emerge. Concerning this phenomenon, appearangg = 0.32 drops down from the power law Bf;,,, versusg,
and subsequent disappearance of turbidity was observed Iffig. 13. This suggests that the acceleration of microgel ag-
one of the present authofié.H.) [15] during the cross-linked  gregation occurring in the highest monomer concentration
copolymerization of methyl methacrylate with ethylene may create thin-concentration parts of the network, with
dimethacrylate around 20—-30% conversion. Thus, the gelkrge-size meshes on nanometer scales. The mesh-size distri-
prepared in high monomer concentrations tend to have mudbution o is forced to sharpen anomalously by swelling, and
larger-scale inhomogeneity than those prepared in low monahe relationship ofe with ¢, shows a kind of power-law
mer concentrations. behavior(Fig. 15. From these viewpoints, we can say that
Next, based on the proposed model for as-prepared statésgh-concentration gels prepared in gel Il region tend to di-
illustrated in(la) and (ha) of Fig. 17, we try to explain the |ute nanometer-scale inhomogeneity with swelling, as illus-
swelling-induced modulation of inhomogeneities. We starttrated in(hs) of Fig. 17. By swelling, the microgels swell
from the case of low monomer concentrations and next go tehemselves and regularize their distribution to homogenize
the case of high monomer concentrations. the fluctuation of the local osmotic pressure. Thus, the effec-
Concerning the low-concentration gels prepared in gel kive mesh sizes both inside and outside of the microgels be-
region,(l{q))enincreases with swellingFig. 8). The extent  come similar in equilibrium swollen state. Since the micro-
of growth of (14q))en due to swelling increases as the ap-gels themselves, however, play a role of effective small
parent swelling ratiow increases. Such a behavior can bescatter points for static scattering, many microgels embedded
explained by the Bastide’'s modg9,10] discussed above. in network structure may cause large static scattering inten-
That is to say, since this network structure has a large numsity in high g range.
ber of defects, densely cross-linked parts swell little and Further, at intermediate monomer concentrations in prepa-
sparsely cross-linked parts swell extensively. Thus, the inhoration, around the boundary between gel | and gel Il regions,
mogeneity, frozen in the network structure as the distribution.e., ¢~ ¢., the network structure of as-prepared gels may
of cross-linking points, grows with swelling. Moreover, the be an intermediate betweéla) and(ha). Since the apparent
mesh-size distributiorr broadens with swellindgFig. 15, swelling ratioa shows a minimum arouneg,~ ¢, (Fig. 3),
and the distribution becomes bimodal at the lowest concenthe swelling-induced modulation of fluctuations is also low-
tration, ¢o=0.026(Fig. 14. While the mesh size in a large est aroundp,~ ¢., then the least, and the network structure
part of gels enlarges with swelling, a small part of meshesnay be somewnhat similar {ts). The chain concentrations at
may remain same in size as in the as-prepared state. Thattise inside and outside of microgels are almost the same.
to say, a kind of microscopic phase separation may occuHence, there are not many defects and entanglements. There-
with swelling. In such a case, a macroscopic volume fractiorfore, the effect of inhomogeneities on both static and dy-
¢ calculated from the volume of the swollen gel is not equalnamic properties tends to be weaker for both as-prepared and
to the microscopic local volume fraction. Actually, in low equilibrium swollen gels ofpy~ ¢.
volume fractions 0f¢=0.01, the diffusion coefficiend ¢,q, In general, vinylpolymer gels are synthesized in a two-
drops down from the power law & ., versuse (Fig. 13. stage process, where in the first stage many microgels are
Since a large portion of network meshes are swollen in @roduced and in the second stage a macrogel is formed from
fractal manner, apparebX;,,,becomes smaller than that cal- the microgels. Therefore, it can be said that usual vinylpoly-
culated frome¢. We can recognize from these facts that swol-mer gels are essentially inhomogeneous. In order to prepare
len gels prepared in gel | region have very heterogeneousomogeneous structure of a gel network, alternative prepara-
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tion methods must be considered. From this viewpoint, someroperties were determined. Especially, ensemble-averaged
of the present author@d.F. and K.H) have studied the ge- relaxation-time distributioP(q, 7gr) was determined rigor-
lation of main-chain aromatic polyimides under polyconden-ously. It enabled us to study in detail a mesh-size distribution
sation reactiong28]. We can consider that in contrast to of network structure in polymer gels. Considering experi-
vinylpolymer systems, the gelation process in such a systemental results, differences between two types of gels, pre-

proceeds according to a percolation model. The SMLS studyared at low and high total monomer concentrations, with

of polyimide gels will be reported elsewhere.

VI. CONCLUSION

respect to the swelling-induced modulation of the static and
dynamic fluctuations were discussed. In order to explain the
differences in modulation behavior, a model of network

The static and dynamic fluctuations in inhomogeneous viStructure was introduced. It was proposed that vinylpolymer

nylpolymer gels have been studied. By using SMLS and dnacrogels are usually formed by connecting many pre-
formula for inhomogeneous media, the ensemble-averagd@med microgels.
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