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Concentration fluctuations in polymer gel investigated by neutron
scattering: Static inhomogeneity in swollen gel

Satoshi Koizumi®
ASRC, Japan Atomic Energy Research Institute, Tokai, Ibaraki-ken 319-1195, Japan

Michael Monkenbusch, Dieter Richter, and Dietmar Schwahn
IFF, Forschungszentrum llah GmbH, D52425 Jich, Germany

Bela Farago
Institute of Laue-Langevin, 38042 Grenoble, France

(Received 18 February 2004; accepted 30 September) 2004

By using small-angle neutron scatterifANS and neutron spin echdNSE), we have
quantitatively investigated the static inhomogeneity in pdyisopropyl acrylamidegel (PNIPA)

in microscopic length scales of 0.04%<0.16 A1, whereq is a wave number of scattered
neutrons. NSE revealed that at lowgr=0.015 A1), the concentration fluctuations in the PNIPA

gel decays more slowly as compared to the PNIPA solution without crosslinks. According to our
scenario that the slower decay found for the PNIPA gel is due to the static inhomogeneity coexisting
in the swollen gel, small-angle scatterir§(q) obtained by SANS has been quantitatively
decomposed into thermal and static scattering components, respecdiy@ly, and S(q). It was
further revealed thaf) theg-region whereSg(q) becomes dominant is closely related to that for the
abnormal butterfly scattering under stretching, ding as the temperature increases toward the
temperature for volume phase transiti®y(q) of a squared Lorentzian shape increases more
drastically thanSy,(q) of a Lorentzian shape. These findings were quantitatively understood in the
theoretical framework by Panyukov and RapWacromolecule®9, 7960(1996] or by Onuki[J.

Phys. Il. France, 45(1992], taking into accounstress-fluctuation couplingnder coexistence of

the inherent structural heterogeneity in the real gel. We further found that the static inhomogeneity
showingSg(q) seems to relate to the necklacelike microstructure, appearing after a shallow quench
into the collapsed phase. ®004 American Institute of Physic§DOI: 10.1063/1.1823411

I. INTRODUCTION concentration fluctuations are strongly coupled in the gel
(stress-fluctuation coupling Due to the coupling effect, the
In this paper, we investigate static inhomogeneity in theheterogeneous crosslink density in the real gel induces the
real polymer gel, focusing on microscopic length scalesexcess concentration fluctuatioriStatic Inhomogeneijy
where the gel changes from a continuous media to a moleciHere the notation of “static” means “nondecaying” as the
lar structure. By employing neutron scattering, we aim totime proceeds.
quantitatively determine the static inhomogeneity, which ap-  The stress—fluctuation coupling effect has been inten-
pears upon swelling or deformation as a resultsokess- sively studied during the past decade especially from a dy-
fluctuation coupling under coexistence of the structural het- namic point of view? At first, we overview it with respect to
erogeneity in the real gel. The polymer gels are composed afynamical symmetry or asymmetry. For dynamically sym-
a networked structure of giant molecules in suspensionmetric mixtures, whereby two constituents are similar in mo-
which are associated by a variety of interactions of covalenbility, the local stress associated with the individual constitu-
bond (chemical gel or hydrogen bond, hydrophobic interac- ents is balanced during the flow of cooperative diffusion or
tion, van der Waals interaction and topological constraintphase separation. In this case, the stress-fluctuation coupling
(physical gel. The characteristic times of these interactionseffect does not occur and the dynamical universality is held
determine the rheological relaxation of gels. The slowereven for viscoelastic materials as well as for simple liquids.
component of the networked structure is immersed in thdhe universal behaviors are reported as follows. The first
matrix of faster component of solvents, which we ady  example is that in the late stage of spinodal decomposition,
namically asymmetricWhen the polymer gel is subject to the scaling law ofR/~(t/7)* well describes the coarsening
swelling or deformation, the gel changes the network struclate-stage dynamics, wheReis a characteristic size of drop-
ture in order to minimize free energy due to locally imbal- lets, t is the phase separation time aadis the growth
anced stress associated by the network. Thus the stress agxponent ¢ and 7 are the correlation length and character-
istic lifetime of fluctuations. This finding means that all mi-
dAuthor to whom correspondence author should be addressed. C!’OS_COpiC details are_ not relevanF to determine the S.elf_
Telephone: +81-29-284-3511. Fax:+81-29-282-5939. Electronic mail: Similar nature of domain growth during the phase separation.
koizumi@neutrons.tokai.jaeri.go.jp Another example is that the cooperative diffusion is simply
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controlled only by thermodynamics of the mixture. The co-

Dilute Crosslink

operative diffusion coefficientD. is given by D, Crosslink | DenseCrossink &
=A(9)q°S(q) ~* whereA(q) andS(q) the Onsager kinetic . s a®
coefficient(or self-diffusion constantand the static structure aW e 0
factor, respectivel. S E R Tk

The dynamical asymmetry, on the other hand, causes the oot . <_E__‘
stress—fluctuation coupling effect and strongly affects ther- Nt N
mal concentration fluctuations during cooperative diffusion $e i .
or phase separation. Note that the dynamical asymmetry is : =

(a) Molecular Structure Limit (b) continuous Media Limit

the case not only for the gels but also for the sols. During the
flow, the local stress, which is imbalanced between faster ang. 1. Schematic diagram for inherent heterogeneities in the realayel;
slower moving components, affects the diffusional processmicroscopic heterogeneities of dangling chain ends and loops in the molecu-
Due to the dynamical coupling effect. we can observe a Val_ar structure limit andb) heterogeneous crosslink density with a character-

. ’ istic length scale= in the continuous media limit.

riety of unusual phenomena, as follows. The real space ob-

servation by light microscope revealed the unusual phase

separation named as/iscoelastic phase separatibhand a  erogeneous density of crosslinks, which are generally intro-
variety of unusual patterns, such as a moving droplet, a nejuced during a gelation proce&ee Fig. L The static inho-
worklike domain and phase inversidhis is because dur- mogeneity is also influenced by such heterogeneous
ing the flow of phase separation, the slow component cannahicrostructures. The static inhomogeneity is more enhanced
catch up with deformation caused by the phase separatiophen the gel is subject to swelling by changing solvent qual-
and starts to behave like an elastic body. In a single phase fy, temperature, or pressure. This is because the permanent
polymer solutions, a nonexponential relaxation of concentraerosslinks restrict reconfiguration of the network structure so
tion fluctuations is observed by dynamic light scattefing. that the poorly crosslinked region is more swollen, whereas
SANS revealed that in the polymer mixture with large dif- the densely crosslinked region is less swollen. Due to the
ference in glass transition temperatufg, concentration static inhomogeneity, the real gel shows so-called overscat-
fluctuations are suppressed by the imbalanced stress fietdring in a small-angle scattering region as compared to the
when the mixture stays in a gel-like linfit. polymer solutior? When the gel is uniaxially deformed, the
The permanent crosslinks in the chemical gel prohibitoverscattering is further developed as a so-called abnormal
polymer chains to change relative positions. Therefore, théutterfly pattern, i.e., enhancement of scattering intensity
concentration fluctuation in the gel is strongly coupled withalong a deformation directich.
the stress associated by the gel network. The permanent The static inhomogeneity in a polymer gel has been in-
crosslink induces the elastic moduli and affects not only thevestigated by light scattering. Note that since the wavelength
flow at a nonequilibrium state but also free energy of the gelof light scattering is order of 0.Jum, the light scattering
Therefore, due to the elastic property, three instabilities argtudies the static inhomogeneity in a continuum limit. Static
reported for the polymer gélmacroscopic instability of vol- light scattering with a narrow beam scanning in the gel de-

ume phase transition fa¢3®<0 atT=T,,, surface instabil- tected the speckle scattering pattern due to the static

ity for K3+ (3)u<0 and bulk instability of spinodal de- !”hom‘?ge”e'W- The ;peckle; appear on a position-

ition fork®+ (%) u<0 at T=T. whereK® and insensitive base scattering, which is attributed to the thermal
composition O os (Bu at1=1s WneréRes and i concentration fluctuationS. The ratio of scattering intensity
are the osmotic bulk and shear moduli for the gel, respecpeqyeen the averaged speckle and the base scattering agrees

tively. Above Ty, thg gel _shripks and its_dynlamic_s i_s 90V~ with the nondecaying plateau level determined by dynamic
erned by a cooperative diffusion procegsffusion Limited |igh¢ scattering® The fraction of the static component de-

Model)® where the cooperative diffusion coefficieBt, is pends on the gelation conditiotfsThe speckle was dis-
given asD=[ K3+ (3) w]/f wheref is a friction coefficient.  cussed as related to the abnormal butterfly paftern.
Simultaneously during squeezing, the shear modulptays In this paper, we microscopically investigate the static
an important role to keep a shape of the gel. inhomogeneity in a hydrogel of a pdN-isopropyl acryla-
Viscoelastic phase separation occurs in the gel whemide) (PNIPA). As using a notation of “microscopic,” we
Kos+4u/3<0.2 Due to the stress—fluctuation coupling in the focus on length scales where the gel changes from a con-
gel, the networklik& or spongeliké' microdomain appears tinuum to a molecular structuk&ig. 1). For this purpose, we
and its domain growth is pinned by the networked structureemployed SANS and neutron spin ediNSE). A static scat-
in the gel. The microdomain in the collapsed phase has beetring functionS(q) obtained by SANS is a snap shot of the
studied by SANS? the necklacelike or networklike domain concentration fluctuations, whetpis an amplitude of scat-
appears in a solvent-rich matrix, respectively, for a shallowtering vector[q=(4m/\)sin(@#2) and\ or 6 is wavelength
or deep quench abovi,. It should be noted that the chemi- or scattering angle, respectivgéyNSE, on the other hand,
cally crosslinked network structure is crucial to pin the do-provides the normalized intermediate scattering function of
main growth at the length scales of the gel network and itsS(q,t)/S(q) within a time domain up to order of 100 A%.
inherent heterogeneity. By combining SANS and NSE, we are able to obtain a time-
Now we consider the real gel, having the heterogeneousvolving picture of the concentration fluctuations in recipro-
microstructures such as loops, dangling chain ends and hetal space. With these scattering methods, we successfully
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decomposed(q) into two components of the thermal con- 1000 ¢
centration fluctuation$;,(q) and the static inhomogeneity '
S«(q). The abnormal butterfly scattering pattern under de-
formation will be discussed related to the static inhomogene- 100 L
ity thus determined. From temperature changeSygf]) and g
S.(q), we discuss the macroscopic mechanical moduli, i.e.,

longitudinal elastic modulus!\/l[ngg'Jr(g—‘)M] and shear
modulusyu, or the Poisson ratie~. The ratio ofM/u deter-
mined by neutron scattering varies from about 3 to 2 as the
temperature increases from 20°C to 28°C, which agrees
with a change of the solvent quality from goodésolvents.
SANS further revealed that the static inhomogeneity grows
up to the necklacelike microstructures abolkg. We dis- _
cussed these experimental findings in comparison to the re- 061001 PR ‘0“01' Iy
cent theoretical approaches developed by Rabin and ' IO '
Panyukov’ or by Onuki® for the real gel having the inherent
structural heterogeneity.

NIPA Gel

d¥/dQ (q) (em™)
S

FIG. 2. Scatteringy-profiles obtained by SANS for NIPA gel near volume
phase transition temperatufe .

B. Neutron scattering

SANS measurements were performed with KWS1 at the
Forschungszentrum lich (IFF) at Jiich in Germany and
A. Sample specimen with SANS-J at Japan Atomic Energy Research Institute
We studied a hydrogel of PNIPA, crosslinked with 0.32 (JAERD at Tokai in Japan. In SANS experiments, the scat-

; ; ; tered neutrons are collected by an area detector which covers
wts of N, N-methylenebisacrylamiddBIS). A N-iso- a wideg-range of 0.00Z <0%/A‘1 by changing detector
propylacrylamide(NIPA) monomer(Kohjin Co. Ltd., Fuiji, i 4 Tﬁ ; .d' q=9. | d ,t y tthg gbt ined
Japan was first purified by re-crystallizing in its toluene so- positions. the two-dimensional data set thus oblained was
lution at 4 °C. After washing and filtering the re-crystallized corrected for counting efficiency, instrumental background

NIPA monomer in cold hexane, the NIPA monomer was fur—and ar scattering on a plxel-to—.plxe.l bas[s. After circular-
S . . averaging, we converted scattering intensity to the absolute
ther dried in vacuum at 25 °C. The pre-gel solution was pre-,. . . :
pared by dissolving the NIPA monomer of 7.8 g, N differential cross section per a sample volud& /d€(q) in
) . ’ ' " unit of cm Y], by using a pre calibrated secondary standard
N-methylenebisacrylamidéBIS) of 0.345 g, and ammoni- ], by gap y

: of a Lupolen film? or irradiated Aluminum. Finally, the
umpersulfate of 0.043 g into D of 100 ml. After complete incoherent scattering of hydrogen was subtracted as a back-

dissolution, the pre-gel solution was degassed and then keBPound by using the higheg-region where the scattering
in a refrigerator for 30 min so as to avoid gelation. Then aMrofile becomesyindependent. The gel was immersed in a
initiator, N, N, N', N’-tetramethylethylenediamine of 240 sample holder with a large amount of,®, which was
was added to the pre-gel solution to initiate polymerizationyemperature-controlled in a heater furnace for SANS. Under
and crosslinking. During polymerization, the pre-gel solutionjsathermal conditions, the gel in a holder satisfies an equilib-
was poured into a glass plate mold having gaps of 1.5 mniym condition, changing its volume and, therefore, its water
thickness and was gelled at 10 °C for 24rbference stale  content. The sample thickness of 1.5 mm thickness gave
The gelation temperature of 10.0 °C, which is far from theggnsmissions ranging from 0.8 to 0.65.
cloud point of the PNIPA solutioii¢(=33.0°C), is crucial Neutron spin echdNSE) measurements were performed
in order to obtain a transparent gel. The PNIPA gel thusyith FRJ2-NSE! in the Forschungszentrunilih in Ger-
prepared contains water of 93.0 wt% at the reference temmany and with IN15° in the institute of Laue-Langevin in
perature of 10°C. The prepared gels were washed with aRrance. The sample temperatures were changed from 20.0 °C
excess amount of fO. We also synthesized un-crosslinked to 34.5°C. FRJ2-NSE has a Fourier observation ttmep
PNIPA polymers with the same receipt described here, exto 18 ns with an incident neutron af=8 A. IN15 hastg up
cept for BIS. For SANS measurements, we prepare a polyto 190 ns with an incident neutron af=15 A. The decay
mer solution of un-crosslinked NIPA of 7.0 wt % in,D. curves were calibrated with an elastic scatterer of glassy
The infinite connectivity of partial chains is crucial to carbon.
zoom in a microscopic coil—globule transition up to macro-
scopic length scalegvolume phase transition® For the || EXPERIMENTAL RESULTS
NIPA gel in D,O, the volume phase transition occursTat
=33.5°C; belowT,,, the NIPA gel swollen with water

Il. EXPERIMENTS

A. Small-angle neutron scattering

(swollen phasg while above Ty, it shrinks (collapsed Figure 2 showsy-profiles S(q) obtained by SANS both
phase. Note thatT,, for the NIPA gel is 0.5 °C higher than in the swollen and collapsed phases n&ar. As the tem-
T for the NIPA solution. perature increases towafd,, the scattering intensity in a
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low g-regime increases because of the lower critical solution (a) 28.0°C
temperature(LCST) phase diagram of the PNIPA-water
mixture? In a highg-region, the small-angle scattering does
not change showing an asymptotidoehavior close ta 2.
This power law ofq~2 is attributed to a segmental distribu-
tion of PNIPA in a blob. Thus in the swollen phase, the
g-profiles S(q) are similar to that of semi dilute polymer
solutions, showing the Ornstein—Zernike regime in Igw
and the power law regime at high However, this first im-
pression is not correct because the static inhomogeneity co-
exists with thermal concentration fluctuations. We aim to
guantitatively decompos8&(q) into two scattering compo-
nents ofSy(q) and Sy,(q). For this purpose, we performed
NSE measurements on both PNIPA gel and solution. The
g-positions of NSE widely covers the Ornstein—Zernike and
the power low regimes, as indicated in Fig. 2. Stretching Direction

At 34.3°C in the collapsed phase, we observed strong
increase of small-angle scattering and thkeehavior is dif-
ferent from the OZ type observed in the swollen phase. This (b) 31.0°C
increase of small-angle scattering is attributed to appearance
of microstructures in the gel, i.e., the necklacelike micro-
domain rich in NIPA chains and dispersed in the water rich
matrix 12

Figure 3 shows two-dimensional scattering patterns of
the PNIPA gel stretched with a deformation rafie=1.5 at
different temperatures of 28.0, 31.0, and 33.0°C. Here we
clearly recognize the abnormal butterfly scattering pattern
where the iso-intensity lines are elongated along the defor-
mation. After a sector-averaging over an azimuthal angle of
30°, we obtainedy-profiles for two directions parallel and
perpendicular to the deformatidsee Fig. 4. For the parallel
direction the enhancement of scattering intensity appears in a
low g-region ofq<0.02 A™1, whereas for the perpendicular
direction, the scattering intensity does not change as com-
pared to the undeformed gel. The anisotropic enhancement
of the scattering intensity in thg-region ofq<0.02 A ! is
further discussed related ®(q) determined by the NSE (c) 33.0 °C
measurements.

Stretching Direction

B. Neutron spin echo

In the g-region indicated in Fig. 2, we performed NSE
measurements by employing the two spectrometers IN15 at
ILL and FRJ2-NSE at Jich. Figure %a) shows the decay
curves of NSES(q,t)/S(q,t=0) at three typicab-positions
for both the NIPA gel and solution at 28.0 °C. The open and
filled symbols indicate the decay curves for the PNIPA gel
and solution, respectively. The large symbols covering
shorterty show the decay curves obtained by FRJ2-NSE,
while the smaller symbols show those obtained by IN15. The
shade shows the difference between PNIPA gel and solution Tk
at the sameg-position. ' —

We observed the significant retardation on decays for the Stretching Direction
NIPA gel in 0.035<q<0.1A !, as compared to the PNIPA
solution?* At q=0.035A"%, we can recognize the retarda-
tion of decay for the PNIPA gel fotg longer than 30 ns,
while for shortertg of 22 ns, two decay curves for the PNIPA
gel and solution are identical. At=0.076 A%, we recog-

n@ze the retardation even &t: 22ns. Asq increases tc’_ t_he FIG. 3. Abnormal butterfly scattering pattern obtained for NIPA gefaat
highest g=0.16 A", the difference becomes negligibly 28°C,(b) 31°C, and(c) 33 °C, with deformation ratio\=1.5.
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FIG. 4. Sector-averagegprofiles of abnormal butterfly scattering for the Soh:tio: 28.0 °C
NIPA gel, in directions parallel and perpendicular to stretching. 32.5°C
1 i Il
O'Oo 50 100 150
te (ns)

small within the error bars. The spectrometer IN15 at ILL,FIG. 5. (a) NSE decay curves$(q,t)/S(q,t=0) at q=0.035, 0.076, and
CoveringtF up to 180 ns, p|ays an important role in deter- 0:16 AL, obtained foroswollen NIPA gdlopen symbolsand NH?A §o|ution
mining sower decaysfor the lon vl for th ighg, he 150 0 2., T e n sl el st e
shortertg up to 22 ns by FRJ2-NSE is sufficient to observeshadows indicate the difference of two decay curves of the NIPA gel and
complete decays. In this paper we discuss the slower decagslution (broken lines are guides for the gy¢b) Temperature changes of
for the NIPA gel related to the static inhomogeneity or decay curves for NIPA gel and solutiongt0.056 A%, obtained by IN15.
Ssd(d)-

Figure 3b) shows temperature changes of the decay
curves both for the PNIPA gel and solution obtainedgat responding to the internal modes of a Zimm single chain
=0.056 A1 by IN15. The decay curves for the PNIPA so- motion, whereas at loweg(<0.05 A1), it changes accord-
lution does not change in the temperature region betweetd to ~g?, corresponding to the collective diffusidsee
20.0 and 32.5°C. At 20.0°C, the decay curves from theFig. 6@]. Note that for a Zimm single chain motiof) is
PNIPA gel is almost identical with those from a PNIPA so- given asQ = q°T/ s where 7 is viscosity of solvent® The
lution. The PNIPA gel shows significant retardation as thecrossover behavior about the initial decay is same for the
temperature increases closefTp. It should be recalled that PNIPA gel, because the initial decays, observed in vejde
the retardation for the PNIPA gel becomes less obvious, as are identical both for the PNIPA gel and solution.

increases, and finally at the highegt=0.16 A1), the two The long time behavior of the coherent dynamic struc-
decay curves for the PNIPA gel and solution, respectivelyfures is approximately given by
become identical even for higher temperature. At 34.5°C in S(g,t)

the collapsed phase, the decay curve shows an obvious pla- ————~~exd —(Qt)“], (&N
teau due to appearance of the PNIPA-rich microdomain, as S(q.t=0)
observed by SANS in Fig. 2. where the exponen& is 2/3 and 1 for the Zimm single
In order to determine local dynamics, we carefully ex-chain motion and collective diffusion, respectively. Note
amined the decay curves by NSE with the following meth-that a double-logarithmic plot of the decay curve
ods; (i) first cumulantQ) (or the initial slope of decay curye (=In[—In[Sq,t)/S(q,t=0)]]) providesa as a slope, which is
(i) asymptotic decay behavior for lortg, and (iii) Zimm shown in Fig. 6b). For PNIPA solutiona changes from 2/3
scaling®® to 1 at aroundg=0.05A 1.
For the PNIPA solution, we found that the first cumulant ~ The Zimm scaling plot scaled Witq3t§’3 shows that the

Q changes according te g° at higherq(>0.05A"1), cor-  curves for highg(>0.05A"1) fall onto the scaled master
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L Collective ! (a) Ss(q) gives a nondecaying or elastic scattering component
12| Difiusion | Zimm Motion in the decay curve. On the basis of this scenario, we employ
i a scattering function with an elastic scattering rai@) as
Tl * o ¢ follows:
G | ® o ' o
a 2er 8 Spel( @) = Sge(A,t=0){P(a) +[1-P(@)]F (L)}, (3
! 1 1
0.00 0.05 0.10 0.15 wheref(q,t) is an universal relaxation function, describing a
) q (A" crossover from the collective behavior at lgwo the Zimm
' ' ' ' b single chain behavior at higly. [Sy(q,t) is the decay
] ( ) curve obtained for the PNIPA géllin order to proceed our
i o analysis, we simply assumed that the universal function
Z":m Motion f(q,t) can be replaced by the experimental curves obtained
5 0*‘?’ for the PNIPA solution; f(t,q)=Se(d:t)/Se(q,t=0)
3 ; B o 020 A" whereSSm(q,_t)/Ssm(g,t:0) is t.he I_\ISE decay curve fpr the
= T x ® 0.025 PNIPA solution. This assumption is absolutely valid in high
2, & et g because two decay curves from the PNIPA gel and solution
Z 20 W 0.058 are same, obeying the Zimm single chain motion. Even for
B 8 pes the lowerq(<0.035 A 1), this assumption should be valid
Collective o Sume because we already found that the initial decays for the
Diffusion * 0.160 PNIPA gel are identical with the PNIPA solution. Therefore,
-41L1 5 & ] = ‘ls by employing Eq.(3), we attempted to determirfé(q) ex-
In(tg) / ns. perimentally at differeng-positions.
1. (C) P(q) determined along our scenario increases as the
temperature increases; aj=0.015A"%, P(q)=0.24 at
08 20.0°C, 0.35 at 28.0°C, and 0.55 at 33.3°C. Then we evalu-
. ated Sy(q) according to Sg(q)~ Sge(d,t=0)P(q). Note
i’_ I e that Sye(q,t=0) is equal toS(q) by SANS. After subtrac-
& | 0020 ”‘P . tion of Sy(q) from S(q) observed by SANS, we obtained
P} =0.025 %@' Si(g) originating from the thermal concentration fluctua-
%"04‘ q=°'°31q=0%}0’\4\; ., ZimmMode tions. Figure 7 showsS(q) (open circley S¢(q) (filled
Collective Diffusion > % J\'S:'!‘?q'e Chain circles and Sy(q) (open squaresthus determined at 28.0,
02 Y 31.0, and 33.0°C. Here we notice tt#}(q) decreases rap-
U~ idly at high g, according toq~“. The strong upturn 0$(q)
0.0 L | l s ) at low g in Fig. 2 should relate to the larger-scale inhomo-
g 20 40(q3tF)2/360 80 100x10° geneity studied by light scatterifd-'°The total contribution

from static inhomogeneity should be smoothly connected be-
FIG. 6. Decay behaviors for NIPA solution examined (ay first cumulant ~ tweenSg(q) determined here and the strong upturn, as indi-
Q) where open and filled circles are obtained by FRJ2-NSE and IN15, recgted by lines in Fig. 7.
spectively;(b) asymptotic decay behaviors at lot)g and(c) Zimm scaling Figure 8 shows temperature-chang#sSy(q=0.015)

lot. . "

plot Sin(q=0.015) for the NIPA and forward scattering intensity
S(0) (=S(0)+ Si(0)) obtained for the PNIPA gel and so-
lution. S(0) were determined by Zimm plot analysis of

curve for the Zimm single chain motion, whereas at Iowers(q),l Versuqu.]_z The inverse forward scattering intensity

_1 . .
g(<0.05A %), the curves deviates from this master curves(o),l changes according t&~* for the PNIPA gel and

showing steeper slopgsee Fig. &)]. solution, as the temperature increases. It should be noted that

From these observations, we now confirm for the PNIP. 1 . .
solution that for lowq(<0.05A™ 1), the intermediate scat- AfSO(rO) thgorgmipl\xpzzﬁlu&%r;f ?ﬁnzgj; T02$_rfff;¥];?an0:hat

tering function S(q,t)/S(q,t=0) decays according to the 1 71 .
collective diffusion, whereas for high(>0.05A"1), it de- rSe(ggectivill)géé 16°T™*+const for NIPA gel or solution,

cays accordiqg to the Zimm single chaip motion. For the About Sy(q) andSy(q), on the other hand, we found as
PNIPA gel, this crossover of local dynamics is same excep{ollows: (i) at 20°C,Sy(q) dominantly occupiess(q) and

for the retardation of decays appearing at Io_rger the static inhomogeneity is very smdlii;) as the temperature
Next, we attempt to explain the retardation found for Qi creases to 30 0°CS(q) increases according to- T~
PNIPA gel. We attribute the apparent retardation to the static ) d 9 !

i i i —1.
inhomogeneity coexisting with the thermal concentration\g:g%iﬁ‘h#l)mlnncer:?zzsor?gebg:%f;a)llé?gcs?r(d I;‘ gi]:c?rreas,e
fluctuations in the swollen géf. According to our scenario, ) ' q g

o . similarly and diverge afy,. Thus we confirm that the tem-
S(a) is given as an incoherent sum 8§(q) andSi(q) perature change @&(q) for the PNIPA gel is also affected by

S(q)=S(q) + Si(q). (2)  Ss(q). Using static and dynamic light scattering, this steeper
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and thermal scattering components, assuming to be proportional to the ex-
cluded volume parametes and w?, respectively.

aboveT,,, which shows an asymptotic decay@f* at high

g, is attributed to the necklacelike microstructure where the
NIPA-rich globules are connected by the swollen NIPA
chains'? At low g, the asymptotic decay d¥(q) becomes
smaller. The crossoveydeviating fromq~* corresponds to a
characteristic siz&k of globules in the necklacelike micro-
structure.Sg(q), shown by solid lines in Fig. 9, increases
and seems to smoothly mer@€q) from the necklacelike
microstructure in the collapsed phase. This experimental
finding suggests that the static inhomogeneity in the swollen
phase closely relates to the PNIPA-rich necklacelike micro-
domain in the collapsed phase.

IV. DISCUSSION

The permanent crosslink in the chemical gel induces a

Si(q) are similar to Lorentzian and squared Lorentzian shapes, respectivelgtrong coupling between stress and fluctuation. For the ideal

gel, which is homogeneously crosslinked, the nonzero elastic

increase of Sg(gq) has been reported in the continuum modulusu due to crosslinks is expected to suppress the ther-

t. 26,27

In Fig. 9, we comparé&(q) separated frons(q) below
Ty and S(q) obtained by SANS abové, . S(q) observed

limi

mal concentration fluctuations and therefore small-angle
scattering® So far, there is no experimental observation of
such suppression of small-angle scattering in the real gel. As
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104 ¢ good solvent so that we obtained a transparent gel. As the
3 temperature increases toward the phase boundaries, the con-
centration fluctuations increase by heterogeneously changing

107 ¢ : . .
g the network configuration. Therefore, we observed increase
o f of small-angle scattering by SANS. The combined method of
3 SANS and NSE elucidated that the static inhomogeneity in-
creases more dramatically as the temperature increases. Si-
10" multaneously, above 30 °C, the PNIPA gel starts to shrink

gradually. These microscopic and macroscopic phenomena
proceed according to the coupling effect between stress and
fluctuations.

Concerning with the quantitative observations{q)

10"
andSi(q), we summarize our findings:
10'2; (i) We successfully decompose®(q) into Sg(q) and
Sin(g), respectively. Theg-behavior of Sy(q) or
10%L Sin(q) is a squared Lorentzian or Lorentzian shape,
: . respectively, showing an asymptotic decayqof* or
104 e —y o a " (Fig. 7 . :
0.001 001 _ 0.1 (i) as the temperature increases towdid, Si(q) in-
q (A) creases in intensity more dramatically th&g(q)

(Fig. 8). This result agrees with the observations by
stati?® and dynamic light scattering;

the g-region, in which the abnormal butterfly scatter-
ing appears, corresponds to the lgwegion, in which
Sq(q) thus determined becomes dominant. The abnor-

FIG. 9. Comparison betwee®(q) by SANS in the collapsed phase above
Ty andS,(qg) determined by NSE in the swollen phase abdve

(iii)

related to this prediction, we have reported that the polymer

mixture of polystyrene and polginyl methylethe), which

has large difference iffg, shows anomalous suppression of
small-angle scattering when the mixture is quenched in befv)
tween twoTg's. At the temperature between tiay's, the

mal butterfly scattering is strongly related to the static
inhomogeneity in the polymer géFigs. 3 and ¥,

the static inhomogeneity in a swollen phase seems to
grow up to the necklacelike microstructure in a col-

mixture behaves gel-like where the rheological relaxation be-
comes as slow as that of thermal concentration fluctuafions.
The slowly moving component of polystyrene behaves like a ~ We further discuss our findings as compared to the re-
physical gel network dispersed in the fast moving componentent theoretical approach¥s:® which were independently
of poly (vinyl methylethey. Here the rheological relaxation developed to take into account the inherent structural hetero-
is determined by the slower component of polystyrene. In thgeneity in the real gel. The first modéDnuki No. 2 is
dynamically asymmetric mixture, we have interpreted, thedeveloped in the framework of the elasticity for the
thermal concentration fluctuations are suppressed by a phystontinuum?® This model postulates th&t<' and u vary ran-
cal gel networlé domly in space around the averages. According to the per-
For the real chemical gel, which has a heterogeneouturbation treatment, the structural nonuniformities play a role
crosslink density, the scattering techniques often have resf the perturbation leading to the static component. In this
vealed the opposite behavior: namely excess scattering @odel,S(q) for the isotropically swollen gel, is given as the
compared to the polymer solutiénWhen the gel is de- incoherent sum of a Lorentzidi®rnstein—Zernikgfunction
formed, the excess scattering is further developed as a s@rom the thermal scattering and a squared Lorentzian func-
called abnormal butterfly patteft?#2°=3?This is due to the tion from the quenched static scatterifege Appendix A
static inhomogeneity, originating from the heterogeneous According to the Onuki No. 2 model, the ratio of
crosslink density. Sin(0)/S¢(0) is related to the elastic moduli as follows:
Bastideet al. presented an intuitive understanding of the
static inhomogeneity, i.efrozen blob model® Permanent
crosslinks prohibit a reconfiguration of polymer distribution
when the gel is subjected to swelling or deswelling at con-
ditions different from that of preparation. Upon swelling, the
poorly crosslinked regions are more swollen, while theHere we simply assumed that in EGA4) the strength
densely crosslinked regions are less swelling. The contrast iof inhomogeneityP and swelling ratio ¢q/¢) are unity.
swelling is the origin of the static inhomogeneity in the realFrom Fig. &), we are able to estimat&;,(q=0.015)/
gel. Sq(g=0.015), which is about 3.10 at 20.0 °C, while it de-
Concerning with the PNIPA gel, the phase boundaries otreases to about 1.86 at 28.0°C. Finally above 31°C, the
three different instabilities, as described in Introduction, existatio of Sy,(q=0.015)/5,(q=0.015) becomes about 0.82.
nearT, . Below Ty, the PNIPA gel is well swollen with Geissler and his co-workers have discussed the longitu-
water. Especially at 10 °C of gelation, water behaves as dinal elastic modulu (=Kg§'+ 3u) by using dynamic light

lapsed phaséFig. 9.

Sr(0)  KE'+4/3u
S4(0)

(=M/w). 4
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100 ¢ 28.0°C chains. The chains are assumed to be “phantom”; knots or

o _— : trapped entanglements are not considered. The excluded vol-
- a S(q) ume effect of segments is treated as a perturbation. Accord-
0F %, Thermal Fluctuation ing to the replica trick, this model calculate free energy for

o g Si(a) the gel with a heterogeneous crosslinking density, quenched
during gelation. As described in Appendix B(q) is again
given as an incoherent sum 8f(q) and Sy,(q).

Figure 10 showsg(q) and Sy,(q) calculated by the PR
model by using Eqs(B1) and (B2) with characteristic pa-
rameters ofN=650, y=0.52, x,=0.34, £&,=43.6 A, &4
=11.8A, anda=8.0A, whereN, x, xo, &n, s, anda are
the degree of polymerization between crosslinks, a Flory in-
teraction parameter at observation temperature, that at prepa-
L ration, a correlation length for thermal fluctuation, that for
0.001 ] ey the static fluctuation, a segmental length, respectively. Here
0.001 0'21 01 we notice that the calculated curves 8f(q) and Sy,(q),

q(A) which well reproduce our experiment gqf>0.015A *, be-
FIG. 10. q-profiles calculated by Panyukov—Rabin motlid lineg best- ~ Nave as squared Lorentzian and Lorentzian functions for the
fitted to S(q) (open circlel Sy(q) (filled circles andS,(q) (open squares  Static and thermal scattering components, respectively show-
obtained by SANS and NSE for the swollen NIPA gel at 28 °C. ing the asymptotic tail of|* andq 2.

In contrast to the excellent agreement iq
>0.015A"1, for low q(<0.015A 1) we recognize a large

scattering and mechanical measureméhtaccording to  giscrepancy between the PR model and our experiments be-
Ref. 34, the ratio oM/ is given by the Poisson rati® as  cause of the strong upturn of small-angle scattering. This

dQ(q)/d= (cm™")

01t
E Static Inhomogeneity

: Sai(a)
001}

follows: upturn behavior, similar to the Picot—Benoit effect for the
Kg§'+ 43 2(1-0) polymer_solution§,7 should be attributed to the static inho-
" = 1=20)" (5) mogeneity of larger length scales. We denote that the degree

of polymerization between crosslinkd=650, which was

o for a single chain has been discussed depending on thaetermined by the PR model, is much larger than the ex-
solvent quality”® Now we defineR, and R, as the chain pected value about =50, which can be calculated from our
dimensions parallel and perpendicular to the compressiorecipe of sample preparatideee Sec. )L It implies that the
direction. For theé-solvent state, the trajectories of a coil effective crosslink density is lower and densely crosslinked
along three orthogonal directions are independent. Thereforeggions might exist with a distané as illustrated in Fig. 1.

the Poisson ratie(= —dR, /dR)) is zero in the case when This experimental finding strongly supports thierarchical

we neglect a so-called log correction term discussed bytatic inhomogeneitin the real gel. Thus, the total scattering
Flory. For the good solvent state, the excluded volume effectunction of the static inhomogeneity, covering a wide
is coupled among three orthogonal directions. Thereforeg-range fromum to nm, must be given by a smooth line as
we obtain nonzerar varying around 0.25; Flory’s descrip- indicated in Fig. 7 or 10. Actually focusing on the upturn
tion gives 0=0.25, while the scaling description by scattering, the attempts to determine the static component
des Cloiseaux gives=0.278. On substituting into Eq5)  were performed by the scattering techniques by many re-
the values ofr=0 or 0.25 for¢- or good solvent, we obtain searchers in several steps: they found Gaussian function for

Koel 413 heterogeneous density of crossliftker for the heteroge-
= =2 for #-solvent or 3 for good solvent, (6)  neous concentration fluctuatidh, stretched exponential
M functiort® and very recently squared Lorentzian functfSn.

which quantitatively agrees well with our findings 8f,(q  Although so many efforts have been made so far, the origin
=0.015)5,(q=0.015), ranging between 3.10 and 1.86 of the upturn scattering is still controversial depending on the
from 20.0°C to at 28.0°C. Thus we confirm that from types of gels studied.
20.0°C to 28.0°C the solvent quality changes from a good According to these two models, the second term of the
solvent to ag-solvent. The fact that above 30 °C, the ratio of static inhomogeneity becomes dominant wherideforma-
Sin(g=0.015)5,(g=0.015) is nearly equal to 1 implies the tion ratio) or strength of inhomogeneity degré&becomes
negative Poisson ratio; far<O if we elongate the gelR; larger. It is reported that this second term is the origin for
>0), the gel expands to perpendicular directioRs ¥0). “ excess scatteririgas compared to the polymer solution and
By mechanical measurements for the PNIPA Hel, was  for “ abnormal butterfly scatterifigunder deformation. Our
reported that the Poisson ratio becomes negative arourfthding by neutron scattering methods is consistent with
33 °C. Although the temperature found for the negativis  these models in senses tlgtthe g-region where abnormal
different, this result agrees with ours. butterfly scattering appears corresponds to that wBgfq)

The second model is developed on the basis of the mdsecomes dominant ar(i) S,(q) has asymptotic tail of ~*.
lecular structure in the géPanyukov—RabiriPR) model,’”  The models further predict that the thermal concentration
considering an instantaneous crosslinking of Gaussiafiuctuations are suppressed along a deformation. However,
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we did not find such suppression of small-angle scatteringuclear sizeR and to pin the aggregation process as predicted
along a deformatioiiFig. 4). The PR model further predicts for a single chain.
that in the ¢-solvent state, the normal butterfly appears,
which i; not observgd so far and our future problem. V. CONCLUSION

In Fig. 8, we obviously recognize that as the temperature
increases, the static inhomogeneity increases more rapidly By using a combined method of NSE and SANS, for the
than the thermal component. In the PR or Onuki No. 2first time, we successfully decompos&dq) obtained by
model,S,(q) andSy,(q) are coupled with each other through SANS into the static and the_rmal scattering compopents, re-
the excluded volume interaction parameteand the thermal ~SPectively, Si(q) and Sy(q) in the small-angle region of
correlator without the excluded volume interactipfy) (see  0-015<9<0.16 AL ~The quantitative decomposition of
Appendixes A and B Note that in the Onuki No. 2 model, S(qg) allows us to discuss the static inhomogeneity as fol-

andg(q) are included iK' Thus the squared Lorentzian 'OWS: (i) @s the temperature increasés(q) of a squared

e : ) ;
form for the static inhomogeneity induces a strong depenkOréntzian shape increases more drastically afg) of a

dence ofy?. In order to confirm this situation, we estimated Lorentzian shape an(ii)_ S«(q) is closely related to the ab-_
the excluded volume parameterand w2 For this estima- normal butterfly scattering pattern appeared under stretching.
tion, we employedy(=sh— 8s/T) as the enthalpic term These findings are quantitatively understood in the theoreti-
Ah;130+ 50(1015);9) and the entropic terms=—4.5 cal framework by Panyukov and Rabin or by Onuki, which
+10(1(T_16er K1).41 In Fig. 8(b), we estimated inter.ac- are based on the stress—fluctuation coupling under coex-
tTon' parametegu and.wz as a?.funct’ion of . As the tem- titence of the inherent structural heterogeneity in the real gel.

erature increases toward the phase boundasfedecreases We further found thag(q) seems to grow to the necklace-
perature | W b u e like microstructure after a shallow quench in the collapsed
more rapidly thano as expected. The apparent change 6f

hase.
seems linear as a function ofT1/This is a reason why the P
static inhomogeneity increases more rapidly that the thermal
scattering component. The similar argument has been done ifCKNOWLEDGMENTS
Ref. 27. Near the phase boundaries, on the other hand, the The author would like to thank Masahiko Annaka of

linear change of» and »® might be disturbed as schemati- kyusyu Univ. for sample specimens. He acknowledges valu-

cally drawn by broken lines in Fig.(B). Unlikely for the van  aple discussions with Mistuhiro Shibayama of University of

der Waals interacting systeng,for the NIPA—water mixture  Tokyo and Tomohisa Norisuye of Kyoto Institute of Technol-

should be a strong function of temperature or of volumepgy. He also wishes to acknowledge that this work was per-

fraction ¢*>**near the phase boundaries, which is characterformed in collaboration with the neutron scattering group 11

istic for the hydrophilic materials. of Juich Research center, directed by Dieter Richter.
Above Ty, SANS shows a strong change of scattering

intensity and itsg-behavior and deviates from a Lorentzian APPENDIX A: THEORETICAL APPROACH |

shape showing an asymptotiebehavior close ta~* for q (ONUKI NO. '2)

>(o(=1/R) (see Fig. 2 We attribute theg-behavior to the

necklacelike microstructure where a PNIPA-rich globulelike ~ According to the Onuki{No. 2) model, the total scatter-

microstructure are connected by swollen chdfk.has to  ing intensity is given as a sum &(q) andSy(q) given as

be mentioned that this microstructure appears immediatel{pllows:

after a temperature change abdygand stably exists at least

2
more than a day. In Fig. 9, we found tha§(q) determined Si(g)= ¢ - ! —, (A1)
in the swollen phase is similar ®(q) from the necklacelike Vo €qt+J(G)+C(0)g?
microstructures abovdy,. This finding strongly suggests P2a 3(G)—Ba-? 2
that the static inhomogeneity in the swollen state relates to g (q)= ( . - , (A2)
the globules in the necklacelike microstructure. The Blzé Yo |\ etJ3(0)+C(q)g°

the globule, determined @&=100 A, might be determined wheree,= Kgg"'/,u+%anda=(¢o/¢)1’3. V, is the crosslink

by a force balance between entropic elasticity of SWOHerHensity.J(q) is a function of the deformation ratid; J(g)
chains and the osmotic pressure. This balance plays a crucigJ(AZ_A—l)CosngrA—l where 8 is an angle between the
role to pin the domain growth according to the stress{eformation andg-vector. The parameteP denotes the
fluctuation Coup|ing. The pinning size should relate to thestrength of inhomogeneity: For |argﬂ(gl)' static inho-
mesh size of the gel network and its inherent heterogeneitymogeneity becomes dominant to show abnormal butterfly,
Related to the globule formation in the necklacelike mi-while for smallP(<1) it disappears. The physical meaning
crodomain, we refer to the Monte Carlo simulation per-for the squared Lorentzian shape is intuitively understood as
formed for a single chain in a dilute solutiéfin Ref. 43, it follows: the static fluctuatiod¢., is proportional to the long
is reported that the coil—globule transition proceeds throughange elastic deformatioviug ~1/(1+qZ(1+qZ)] in re-
multi-steps; in an early stage, a chain locally collapses formeiprocal space. Thus the correlat@,(q) becomes the
ing globules and then in a late stage, the globules aggregaggjuared Lorentzian shape. In case of isotropically swollen
and reach a complete collapsed state. For the polymer gedel, wherel(q)=1 andBa <1, Sy(q) becomes a simple
the crosslink plays a crucial role to determine a criticalsquared Lorentzian form
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