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Anomalous cross-link density dependence of scattering from charged gels
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A light scattering experiment has been carried out to investigate the effect of the spatial inhomogeneity of a
weakly charged gel as a function of cross-link density. It has been observed that an anomalous cross-link
density dependence of the scattering light intensity occurs when the temperature is varied. While in the good
solvent(soluble regime the gel becomes more inhomogeneous with increasing cross-link density, in the poor
solvent(insoluble regime the inhomogeneity decreases with the degree of cross linking. The latter effect is the
signature of microphase separation in charged gels in poor solvent, recently analyzed by Rabin and Panyukov.
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A gel is a three-dimensional “network” comprising long into polymer-rich regions and polymer-poor regions, with
chain molecules lightly cross-linked each other and a largdigh and low cross-link density, respectively. It has been
amount of solvenfl,2]. The network implies that the struc- generally accepted that the spatial inhomogeneity in gels in-
ture of gel is topologically frozen. Because of the networkcreases with increasing cross-link densifié®,13.
structure, a gel is a self-sustainable matter with a finite shear We report here that the gel inhomogeneity can decrease
modulus[3]. The topological constraint leads to the presencawith increasing cross-link densities by choosing the condi-
of nontrivial spatial inhomogeneity of the cross-link density tions of gel preparation and measurement. We employ here
on length scales typically of the order of a few hundred angthe ensemble-averaged scattering intendijy as a measure
stroms. This inhomogeneity gives rise to excess scatteringf the gel inhomogeneity. Since gels have nonergodic nature,
from gels, the origin of which has been debated for morethe scattering intensity at a given angle varies with position
than two decade$4—7]. One way to estimate the spatial and is different from the time-averaged scattering intensity
inhomogeneity is to measure scattering intenkty), where  [14]. The usefulness dfl )¢ to characterize the gel inhomo-

g is the scattering vector. The long-wavelength limit of geneity was demonstrated by Reeffal. [15] in the discus-
[(q), i.e., 1(q—0), is related to the longitudinal modulus sion of butterfly-like scattering patterns observed in de-
M as[2] formed gels by small-angle neutron scattering. In this paper,
we demonstrate that an anomalous cross-link density depen-
dence of the scattering intensity, i.e., an opposite cross-link
density dependence ¢f), takes place for weakly charged
gels and we discuss its physical meaning in comparison with
whereAb is the contrast factdre.qg., for the case of neutron the Rabin-Panyukov theory for the structure factor of weakly
scattering, the difference in the scattering lengths of the soleharged gel$16].
ute (network and the solvenf kgT is the thermal energyp A series of polyN-isopropylacrylamide-co-acrylic acid
is the volume fraction of the solute. For polymer gélscan  (NIPA:AAc) gels were prepared by redox polymerization.
be expressed asl =K+4u/3 [3], whereK and u are the  3.397 g of NIPA, 0.104 g of AAc, and 20 mg of ammonium
osmotic bulk and shear moduli, respectively. Sipcis posi-  persulfate were dissolved in 45 ml of deionized water. Then
tive, it can be shown that the longitudinal modulus of gels isthe solution was divided to 9 vessels in equal portions and
always larger than that of polymer solutiof@, resulting in  the prescribed amounts dfl,N’-methylenebisacrylamide
1(0)gei<<1(0)soin- However, experimentally it is observed (BIS) were added to each vessel, followed by filtration, de-
thatl(q)qe is larger than (q)soin irrespective ofg [2,7,9. In - gassing, and cooling in a refrigerator for about 15 min before
order to account for this contradiction, a number of theoriegpolymerization and cross-linking reaction were initiated. The
or models have been proposed, such as those by Panyukoeaction was triggered by adding 24wl of
and Rabin[10], Horkay and co-workerfl1], Bastideetal.  N,N,N’,N’-tetramethylenediaminéacceleratorin 10-mm-
[6], and Onuki 12]. The consensus is that inhomogeneity of diameter test tubes at 20 °C. The concentrations of BIS,
gels is created by the random introduction of cross links. FoCgg (cross linke), were chosen to be 0, 2, 4, 6, 8, 12, 16, 20,
gels studied in the reaction bath in good solvent this inhoand 24 nM. A stoichiometric reaction was assumed. Thus, a
mogeneity is masked by the excluded volume repulsionseries of weakly charged gels of NIPA:AA¢=668
which tends to swell the strongly cross-linked regions andmM:32 mM) having a series of cross-link densities were
homogenize the density of the gel. The inhomogeneity caprepared. These reactor-batch samples were used for light
be revealed by swelling or stretching the network, or by rescattering experiments without further treatment.
ducing the quality of solvent, all of which lead to separation Light scattering experiments were carried out on a
laboratory-made optics, which has a 10 mW He-Ne laser, a
thermostatted silicon oil bath, and a photon correlator,
* Author to whom correspondence should be addressed. DLS-7, Otsuka Electric., Co. Scattering intensities at arbi-
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trary positions in a gel were observed at the scattering anglNIPA:AAc gel undergoes a discrete shrinking transition at
of 60° i.e., at the magnitude of the scattering veator around 50 °Q17]. Thus, bothl - andl increases with tem-
=9.93x10 % A1 Then, the ensemble-averaged scatteringperature.
intensity (1) was obtained by averaging the scattering in-  Figure 2 shows the plots d )¢ at various temperatures
tensity observed at 100 different positions. The irradiatechs a function of the degree of polymerization between cross-
volume is estimated to be less than 20@m>. The tempera- links N. Note thatN is inversely proportional to the cross-
ture of samples was regulated within an error of 0.1 °Clink density. The value oN was estimated by stoichiometry.
Whenever the temperature was changed, one day was dfhe upturn at lomN means that the gel inhomogeneity be-
lowed for gel equilibration. Although 24 h might be not comes larger due to an increase of hydrophobic moiety
enough for the gel to reach equilibrium, we adopted thisaround the cross links. As a matter of fact, gels became
procedure because(q))e’s obtained after 24 and 48 h were opaque forlN<20. Below 40 °C{I )¢ is a decreasing func-
found to be nearly identical. tion of N. This is what is expected. However, above 40 °C,
The upper part of Fig. 1 shows speckle patterns ofthere appears a region whelg increases witiN. Note that
NIPA:AAc gels at 20 °C for(a@) Cgs=2 mM, (b) Cgs in this region an oppositdl dependence ofl )¢ appears at
=4 mM, and(c) Cgs=8 mM. The scattering intensity at temperatures abov@.
each positiorp at timet consists of static and dynamic fluc-  Although most of the theories dealing with the structure

tuations, which is symobolically given by factor of gels do not predict such an anomaly, i.e., the oppo-
site dependence of the scattering intensity on cross-link den-
I(p,t)=Ilc(p)+Ig(t), (2)  sities, the theory recently proposed by Rabin and Panyukov

[16] (RP) seems to be able to account for the anomaly. The
wherel(p) andIg(t) are the intensity components of the

static inhomogeneity and dynamic fluctuations. The dashed 10° & : : :
line indicates the ensemble avergge:, which is obtained E [Temp. CO)
by [ |[-0-20 &40  [NIPA:AAC=668:32]
[ - 25 —4—45
> s -0~ 30 - 50
(He={P.H)e=(c(P))e+(Ir()r, 3 % 100 [®=35 %55 E
= ]
where ( )1 indicates the time average; note tHagt(t))e §/ \'w_../'/ ]
=(Ig(t)); because of the ergodic nature of the time- A 10tk |
fluctuating component. The upper part of Fig. 1 shows that & 3
(I)g increases with cross-link densities. However, as shown V —
in the lower part of Fig. 1, the average of intensity speckle —u
patterns of the same series of gels decrease @t when 10° kb —% 4
observed at 45 °C. This phenomenon is quite unusual since it T I o 3
has been believed that spatial inhomogeneities increase witt 0 50 100 150 200

increasing cross-link densities. Note tift of NIPA:AAc
gels increases with temperature because NIPA gels have a

hydrophobic natur¢l7]. NIPA homopolymer gels shrink at FIG. 2. Dependence ofl )z on the degree of polymerization
about 33 °C(close to the so-calle® temperaturg and the  between cross-link for gels at various temperatures.
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RP theory deals with instantaneously cross-linked networks (a)
of Gaussian phantom chains with excluded volume. In this 0020 —————— y
theory, the structure fact@®(q) consists of the correlator of N=30 — =007
thermal fluctuationsG,, and the part of static density inho- ?——;bo—_o (‘)457 i
mogeneitiesC, . It is given by N=50 \ N x_= 00;0.

0.015

=G, +Cq, 4 ~
S(A)=Cq*Cq @ Z 0.010
w2
_a %¢Ng, ©
4 1twagg 0.005
o a 3¢N
T (1 wegy) (1 QY° 000 ——— 0.65 ol
9 q (A
X| 6+ —zl, (6)
W= 1+ (112)Q%(do/ ) Lo ®)
wherea and N denote the segment length and the average - 00
degree of polymerization between cross links, respectively. 0.8} ‘}’_‘3’0_‘0 (’)457 .
¢ and ¢ are the volume fractions of polymer networks at ! N=200 X—=00§3 ) ]
preparation and at measurement, respectively, @rid the 0.6k - |
dimensionless wave vector defined Qy=aN4q, whereq = I
is the scattering vector. The functigy is given as follows: 71 04
r N=150 7]
1 2(¢l $o) "5 -
9= 522247021 1"’ 11022 (7) 021 N=100 .
Q/2(4+Q%) "+ (1+Q%) N=50
N=30
The parameters/, andw, are dimensionless interaction pa- 0.0 — — . .
rameters in the final statevhich is assumed to be in ti or 0.00 0.05 0.10
poor solvenk and in the state of preparatidim a good sol- q( A'l)

veny, respectively, and are expressed by
2 N2 FIG. 3. Theoretical static structure facts¢q) for gels having
Wo=(1—2x+ ¢) SN+ 1g7"¢N (8) different N's. Note that theN dependence 08(q) changes by a
a X Q%+ 15f N’ slight modification ofy, i.e., from(a) 0.70 to(b) 0.83.

2 ,5/4

Lafocbg ‘N* (9) [Fig. 3(b)]. It can be seen that the opposiedependence of
Q%( ol )+ 1gfoy N’ S(q) occurs in a wide range af including q=0.

" _ _ , Figure 4 shows the variation &q) atq=0.001 A ! as
Where?( and 1 are the Flory_s interaction and a dimension- a function of N for various values ofy. The q value is
Lisfoﬁjiggt?;: I(Z\?g;rr]é ngggggvgﬁlg a(:tdin ‘ii";ﬂiﬁ?gn?e%ige chosen to be4c|ose1 enough to that of speckle observation
tively. Since the details of the behavior of Eq4)—(8) are 4=9.93x10"% A™). Though the scales of§(q) and
described elsewhere 6,18 we focus here on the possible

— 1.5/4
Ws= ¢y N+

anomaly inS(q) with respect withN. 10° e e —————r—r—r——

Figure 3 shows the calculated structure facsq), Eq. i
(4), for various values ofN with ¢=¢y=0.07, =1, [ $=0,=007 ]
=0.0457, anda) x=0.70 or(b) x=0.83. The values of - f=1f,=0.0457 /
and ¢, are chosen in order to match the experimental con- i =087 1
dition and the choice = ¢, andf=Tf indicates that the gels .« 10k ]
studied are so-called reactor batch gels. The choice of param%, "~ [ ¥=0385 E
eters in Fig. 83) corresponds to the effective good solvent [ x=0.83
case, where electrostatic effect€oulomb repulsion and ;,9; [ x=0.80
counterion entropy overcome the intermonomer attraction | =075
due to hydrophobic interactions. In the case, the scattering is 2=0.70
dominated by static inhomogeneities produced by the ran- 10 3 _060\\-:
dom process of cross linking and the maximum occurs at T x,_ — ]
g=0 (the electrostatic contribution is suppressed at higher 0 50 100 150 200
g, giving rise to the secondary peaksVvhen the quality of N

solvent is reduced, one arrives at the effective poor solvent
regime and microphase separation takes place at a finite FIG. 4. The variation 0fS(q) at q=0.001 A™! with various
value ofqg. In this region, the oppositd dependence appears yx's.
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(I)e are different, theN dependence ofl )¢ is successfully hydrophobic and electrostatic effedts9]. In a gel, the ap-

reproduced by choosing appropriate valueg.ofhe critical  pearance of such inhomogeneities is affected by the presence

x (=x.) where the anomaly occurs is determined to beof cross links, which suppress density variations on a length

x=0.80 in this case. scale larger than the average size of the network chain and
Now we discuss the physical meaning of the anomalousherefore one expects that the gel should become more ho-

N dependence ofl )z observed in the weakly charged gels. Mogeneous with decreasing _

It can be considered that, in charged gels, there are three We would like to emphasize that the gels studied here are

competitive effects, namelyi) the repulsion due to the ex- Prepared from monomers. Therefore, the cross-link inhomo-
iorgeneity can be created during polymerization and cross link-

- _Ing. This preparation is different from the gels discussed by
among onized groups on the polymer chaifi, the hydro Bastide and Leiblef6], i.e., instantaneously cross-linked

phobic attraction among hydrophobic groups on the chains - . .

. . networks. This is why the NIPA:AAc gels have an inherent
and (iii) the attraction between the charged chains and the'épatial inhomogeneit);/ even in a rea%tor-batch state. How-
counterions and the counterion entropy. The latter factor

h on in ch I Bver, the interesting finding here is that the degree of spatial
tend to suppress macrophase separation in charged gels i}, omogeneities can be either enhanced or suppressed when

good solvents, which would lead to localization of counteri-\io\ved as a function oN depending on temperatures. The
ons in only a part of the total volume of the gel, and result infollowing should be noted here. The difference in the gel

microphase separati¢a6,18. TheN dependence d§(q) is  reparation methods between the experim@iPA:AAC
determined by a competition of these_ interaction;. The dif'gels) and the RP theorginstantaneous cross linking of poly-
ference of theN dependence 08(q) will be explained as e solutions is not essential in discussing the anomaly,
follows: the increase of the number of cross—lmk'pomts' iNsince the inherent inhomogeneity simply behaves as an off-
the gel leads to a forma_tlon of two kinds of regions with ot The anomalous dependence d&(q) at finiteq (seen in
higher and lower cross-link densities. At the value)of g 3 s exclusively observed in a weakly charged gel in a
(<Xc), the repulsive interaction is more dominant than the,q, solvent. A further justification of the presence of this
attractive one. S_mce an initial gel was prepareq(sqxc, anomaly will be made in the forthcoming pagas].

the polymer chains themselves intend to remain in an ex- | conclusion, the spatial inhomogeneity of gels was stud-
panded state. The polymer chain conformation in the geleq with the light scattering technique. As a measure of the
may be disturbed only by the nonuniform distribution of gatia| inhomogeneity, the ensemble-averaged intensity was
cross-link points. We can easily guess that the more Crossy,gied as a function of the cross-link density and tempera-
link points are introduced, the more inhomogeneous the g8l,re. The existence of the region where the spatial inhomo-
becomes. Such a phenomenon is normally observed in Ugeneity decreases with increasing cross-link densities was

charged gels by small-angle x-ray scatteri®jand by dy- found, as predicted by the RP theory for weakly charged
namic light scatterind13]. On the other hand, when one gels.

brings the gel prepared a< x. to the region withy> x.,

the repulsive interaction due to the ionized groups and the We are grateful to Y. Rabin for showing us REEG] prior
attractive interaction due to the hydrophobic groups musto publication and to Y. Shiwa for valuable discussions. This
coexist in the gel. In a polyelectrolyte solution in a poorwork was supported by the Ministry of Education, Science,
solvent, this would result in microphase separation and th&ports, and Culture, Japdrant-in-Aid No. 08231245 to
appearance of a long-wavelength density variation on a chaM.S.). F.I. acknowledges the Japan Society for the Promo-
acteristic length scale determined by the interplay betweetion of Science for financial support.
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