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ABSTRACT: The gelation mechanism of polN{isopropylacrylamide)}clay nanocomposite gels (NC gel) was
investigated by dynamic light scattering (DLS) and contrast variation small-angle neutron scattering (SANS). It
was found that the gelation mechanism of NC gels is similar to that of conventional gels made with organic
cross-linker (OR gels). Namely, time-resolved DLS measurements captured all of the characteristic features of
gelation at the threshold. This indicates that the gelation of NC gels is also classified to an-ergndegode
transition. However, the size of the clusters at the gelation threshold is much larger than that of OR gels. This
results in a significant depression of optical transmittance exclusively at the gelation threshold for NC gels.
Partial scattering functions, i.e., two self-ter@s(q) and Sc(q) and the corresponding cross-teBsH(q), were
obtained by contrast-variation SANS, where P and C denote polymer and clay, respectivelis tramagnitude

of the scattering vector. The detailed analysiSg{q), Scc(q), andS:p(q) indicates that (i) each clay platelet is
surrounded by polymer layers, (ii) the volume fraction of the polymer layer per clay platelet is independent of
the concentrations, and (iii) the correlation length of the network polymer decreases with increasing clay
concentration. These results confirm that the screening length of the system is influenced by the concentrations
of clay platelets as well as of polymer chains, and the local structures of polymers near clay platelets are similar
between in a sol state near the gelation threshold and in bulk NC gels.

Introduction be strongly anchored to the clay platelets. However, its binding

. . mechanism has not been clarified yet.
In recent years, polymeiclay nanocomposite materials attract

more and more attention because of their high mechanical FOr industrial application of NC gels, it is important to
properties:2 Recently, Haraguchi et al. developed novel polymer qnderstand their g_elatlon met_:hanlsms. HaragL_lch| et al. inves-
clay nanocomposite gels (hereafter we call NC gel), which have tigated the rheological properties of pregel solutlon§ of NCogel.
very large deformability, amazing toughness, high optical They reported thgt th.e viscosity of aqueous solutions of clay
transparency, and so 8n’ It consists of polyii-isopropylacryl- decreased by addirig-isopropylacrylamide (NIPA) monomer.
amide) (PNIPA) and the synthetic clay Laponite. In the previous This is due to sh|eld|n_g of the electric interactions between clay
papers, we investigated (i) the microscopic structure of NC gels Plateléts by intercalation of NIPA monomer. They also reported
by dynamic light scattering (DLS) and by small-angle neutron that_ the opt|cal_ transmittance depresse_s sharply during a short
scattering (SANS, (i) the deformation mechanism under period of time in the course of polymerlzatlon process. Flgu_re
uniaxial stretching,and (iii) its clay concentration dependence + SNOWs the time course of transmittance of an NC gel with
by contrast-matched SANSIt was concluded that clay platelets Coiay = 0.01 M andCypa = 1.0 M ('\.'Cl_Ml) and OR g.el
disperse homogeneously in PNIPA matrix and act as multiple \“NIPA = 1.0 M, Cgis = 0.01 M) during the polymerization

cross-linkers. The polymer chains between neighboring “cross- PFO€sS, Wher€cay and Cipa are the concentrations of clay
linkers” are much longer than those in conventional chemical and NIPA, respectivel§ The transmittance showed a pulselike

gels cross-linked with organic cross-linkers (OR gels), such as deprgssion by more than 60% at the polymerization time_ of ca.
methylenebis(acrylamide) (BIS). Interestingly, NC gels can 50 min and recovered at 65 min and later. Though the time at

recover their original size after large deformation more than 10 the minimum transmittance in this result |s_|ater than that as
times®!1 This indicates that network chains are strongly bound reported by Haraguchi et &lthe phenomenon is the same. Note

to clay platelets in NC gels. Similar results were obtained by that such be_hawor d.'d not appear in the polymerization of OR
Nie et all2-14 In the case of aqueous solutions of a mixture of gels. According to this experimental result, they concluded that

clay and poly(ethylene oxide) (PEO), there is attractive interac- the decrease of transmittance was caused by formation of“clay

tion between clay and PEO. As a result, the solutions behave?hr.UShhpartICIeS atr:he beglgnlngfol‘l pon(rjnerltzatl(;Jn.S_l-lowgtver,
as physical gel&®17 It is clear from a comparison of clay d';? plt?n?mer_lont 3]5 nod_ eﬁnhl! y un t_ers é)o_. t'ch it was
PEO gels and NC gels the polymer chains in NC gel seem to Imcuftto terminate the radical chain réaction during the course
of polymerization, investigation of the structure and dynamics
at the time of the pulselike depression was experimentally
~ *To whom correspondence should be addressed. E-mail: shibayama@unfeasible. In order to elucidate the gelation mechanism of NC
'SSE-“‘FOKVO:aC-Jp- gels, particularly by focusing on this suppression, we prepared
University of Tokyo. . . .
* CREST, Japan Science and Technology Agency. samples with lower concentrations near the gelation-threshold

8 Kawamura Institute of Chemical Research. concentration and investigated the gelation mechanisms of NC
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Figure 1. Polymerization timetp, dependence of optical transmittance (b)
during polymerization for NC gel (NCiM1) and OR gel.
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€ Figure 3. Examples of partial scattering functior&c(q), Scr(q), and

Figure 2. (a) Cartesian coordinate for a randomly oriented cylindrical - S.¢(q). Note thatSce(q) is (a) positive if there exists a polymer layer
object with respect to the preferential axigh) Decorated clay platelet  and (b) negative if no polymer layer exists.

model sandwiched by polymer layer; the cross-section model (upper)

and the polymer concentration profile alon@xis.
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Theoretical Background

1. DLS Measurement of Gelation MechanismsThe gela- &
tion mechanism of a chemical gel can be investigated by § 30 B
DLS.18-20 performing time-resolved DLS, the scattering inten- &
sity at the polymerization timépr at the scattering vectay,
I(tr;q), increases steeply at the gelation threshold. The intensity
time correlation functiorg®(z;tp;q) defined by

40
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Figure 4. Scattering length densities, of i = water, clay, and PNIPA,
'as a function of RO fraction.

9rite0) =

also shows characteristic change at the gelation threshold
namely, (i) the initial value — 0) of g@(z;tp;q) — 1 is close

to unity in the sol state and far below than unity in the gel state. fractal-like distribution of clusters. Then it shrinks back to a
These correspond to ergodic and nonergodic states, respectivelysingle peak with a relatively fast decay time (the gel mode) for
(i) g9(z;tp;g) — 1 changes from a stretched exponential function t > t,

to a power-law function; and (iii) the characteristic decay rate 2. SANS Analysis Applying Contrast Variation for Three-

distribution functionG(T';tp) becomes broadest. Her@®(T;tp) Component Systemsln the case of three-component systems,
is obtained by inverse Laplace transform using the constrainedthe scattering intensity function is written as follows (on the
regularization program CONTIRE as follows: basis of assumption of incompressibility):

0?(@itse) — 1=[[CG(it) exp-T) 2 (2) 1) = (o1 = p9)’Su(@) + (o2 — p2)’Ssald) +

. - ) 2(p1 — P3P, — P2)S1(A) (3)
where I is the characteristic decay rate (an inverse of the
characteristic decay timd,~1). Here, G(I';tp) shows a broad Here, pi (= Y;bj/v) indicates the scattering length density of
distribution at the time of gelation thresholg, indicating a each component, (i = 1, 2, and 3), andy is the scattering
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length ofjth atom and; is the volume of the molecul&;(g)’'s it becomes significant when the clay concentration is high and/
are the partial scattering functiorfs.;(q) and $x»(q) are called or & is comparable with the size of clay platelet. If there is no
the self-terms, representing the self-correlations of componentpolymer layer,Ry = Rc, Hp = Hc, and Scp(g) becomes

1 and 2, respectivelys Q) is called the cross-term, representing

the cross-correlation between components 1 and 2. Note that SH) = —Pprc(0) 9)
Sj(0) is normalized by the absolute intensity and the scattering

length density and has a dimension of volume. We performed Figure 3 shows examples for numerical calculation of the
contrast-variation SANS experiments by tuning the scattering partial scattering functions (a) with and (b) without ctay
length density of component 3g, in order to decompose the ~ polymer cross-correlation. Here, we substituRgd= 150 A,
scattering intensities into the partial scattering functions as Hc =5 A, £ =100 A, and Ry, Hyi, ¢p1, pn) = (200 A, 15 A,

follows: 0.8, 0.04) for (a) as well as (150 A, 5 A;, 0.2) for (b). These
parameters are chosen so as to make it clear the difference
Np® Npy 2'AptAp, \ M 14(9) between the two cases. It is worth noting that the sig-g(q)
20 2 24 2 524 2 is positive in the case with correlation and negative without
élgg; _ A.p ! A:p 2 2 AP:l Ap2 I2(:q) ) correlation. From the sign &&p(q), we can learn whether there
z T T | ) is cross-correlation between clay and polymer or not. A “contrast
Si9) Ap,” TApy” 2'Apy Ap, n(0) matching” experiment allows one to obtain only the self-terms,

but not the cross-terms. By conducting “contrast variation”
where™Ap; = pi — ps is the difference of the scattering length analysis_, on the other hand, we can directly access the cross-
densities between componenend 3 of themth measurement. ~ correlation between the two different components.
The transposed matrix of contrast matri{™"Ap), which
fulfills the conditionT(M"Ap)-(™"Ap) = E, can be obtained
by singular value decompositianiThe detailed description of Samples.NC gel is obtained by free radical polymerization of
the procedure can be found elsewhre. N-isopropylacrylamide (NIPA) monomer in the presence of the

Hereinafter, we calculate the scattering functions for NC gels. Synthetic clay Laponite XLG ([Mgsd.io.665ie020(OH)iNao.e9- We
NC gel consists of three components gi.e. clay, PNIPA gand used potassium peroxodisulfate (KPS) ahtl,N' N-tetramethyl-

| lindrical . bi h ethylenediamine (TEMED) as an initiator and a catalyst, respec-
solvent. Let us assume a cylindrical scattering object, as Shownyjaly since the polymerization completes in a very short period

in Figure 2a, of which the preferential axis is randomly oriented of time, it is difficult to investigate the gelation mechanism by an

Experimental Section

with respect to the-axis with the azimuthal angle ¢f. The in-situ SANS measurement. Therefore, we prepared NC gels of
scattering amplitude for a cylindrical clay platelet schematically four different concentrations by keeping the constant ratio of PNIPA
drawn in Figure 2b reads as to clay for DLS measurements as well as contrast variation SANS.
The sample codes were defined by the concentratiGag/M,
sin(@H cosp) J1(QRsinB) CrmonomefM) of the clay and NIPA monomer, i.e., NGMO.4,
A(RHp) =2V NCO.6-M0.24, NC0.2-M0.08, and NC0.05M0.02. They indicate

qH cosps qRsinf that the combinations of the molar concentrations wég,(M,

whereV is the volume of the cylindely = 7R22H, andJy(X) CinonomefM) = (0.01, 0.4), (0.006, 0.24), (0.002, 0.08), and (0.0005,

; : : : : 0.02), respectively. Note that NCG-210.08 and NC0.05M0.02
is the E_Sessel functlo_n of the flrst_ kind. According to the remained in the sol state and NEMO.4 and NCO.6-MO 24
Appendix, one obtains the partial

oll i structure factors  as became gels after polymerization.
oflows: DLS. DLS measurements were performed by a static/dynamic
n compact goniometer (DLS/SLS-5000), ALV, Langen, Germany.
__Cpm 2 A He—Ne laser with a power of 22 mW emitting a polarized light
= H in S
Sec 2 jl;=0A°y'(R°’ cf) sinf df ©) at1 = 6328 A was used as the incident beam. DLS measurements
were taken at 20C at scattering angles of 30150°. For time-
resolved DLS measurements, average intensities were collected with
_Ne o an interval of 30 s fo2 h during the reaction. The samples for
Sep= E(%I a ¢pn)fﬂ=oAcyl(RC’HC’ﬂ) Acyl DLS experiments were prepared in a test tube under nitrogen purge.
Ne . For comparison, a conventional PNIPA gel cross-linked \M#K'-
(R, H. B sinds — =¢., [ A 2(Re,HepB) sing dB (7) methylenebis(acrylamide) (BIS) OR gel wi@yps = 1.0 M and
RorHp 2 plfﬂ‘OACyl ReHe Cais = 0.01 M was also prepared.
SANS.SANS experiments were performed at the SANS instru-

_Nc pn ment (SANS-U) of Institute for Solid State Physics, The University
Sp= Ef/f:o[(¢pl = PonAcyi(RonHpi) — of Tokyo 24 The neutron wavelength was 7.0 A, and its distribution
$F’(0) was ca. 10%. The sample-to-detector distanciwas chosen to be 2
He, 25inB dB + o and 8 m, and thg range was from 0.005 to 0.15°A The necessary
¢p'A°y'(RC Cﬂ)] pdp 1+ 52q2 ®) corrections were made, such as air scattering, cell scattering, and

incoherent background subtracti®nAfter these corrections, the
wherenc is the number density of clay platelets, aRg and scattered intensity was normalized to the absolute intensity in terms
Hc correspond to the radius and the half-height of clay platelet, of the scattering intensity from a standarq sample. The temperature
respectively. In egs 7 and i, ¢pn, Roi, andHy, represent the of the samples was regulated to beZDwith a water-circulating
local volume fraction of the polymer layer, the volume fraction Path controlied with a Neslab RTE-111 thermocontroller with the
of polymer which is not adsorbed to clay platelets, the radius precision 0f+0.1 °C.

f | | d the half-heiaht of | | For contrast-variation SANS, a series of samples with
of polymer layer, an € hall-neight of polymer layer, different scattering length densities of solvent were prepared. The

respectively. The last term of the right-hand side of eq 8 is the gcattering length densities were calculated on the basis of
Ornstein-Zernike term, representing the polymer network with - their chemical structures and mass densities. The used mass
the correlation lengthi. Here, the cross-correlation of the densities are 2.65 g/éhior the clay, 1.26 g/cihfor NIPA, and
polymer network and the clay platelet is negligible. However, 1.00 g/cnd for the aqueous solvent. Figure 4 shows the scattering
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Figure 6. (a) Polymerization time dependence of the scattering
intensity,l<(te)/lo, for NC gel and OR gel. (b) Series of tim@ntensity

Pi(¢p,0) = ¢p,0ip0 T (1= ép,0)Pi (10) correlation functions of NC gel (NGIM1) at variousts's.
0
wherep; pn is the scattering length density in the puredzH,O (a) 10
solvent. »
_ 10

Results and Discussion S

1. DLS. Figure 5 shows the optical transmittance for XE 10*
NCO0.05-M0.02, NC0.2-M0.08, NC0.6-M0.24, and NC*+ A
MO0.4 as a function 0€ay. Note that the transmittance is much : 10 « NC0.05-M0.02
lower than unity, and these samples represent the situation of %, LbB® NCO0.2-M0.08 X
NC gels during polymerization shown in Figure 1. Now we 10 gil NCO0.6-M0.24 T3
investigate the dynamics and microscopic structures of NC gels S o NC1-MO0.4 ]
near gelation threshold by DLS. P ——

Figure 6a shows the time dependence of normalized scattering 10" 10 1&’ 10 / 100 100 10
intensity, Id/lo, for NC gel and OR gel with the sant&ypa as ecay time, T/ ms
a function of the reaction timdp. The scattering angle was (b) Lo
90° (g = 0.0018 A1). All the samples show an abrupt increase
at the polymerization time at gelation threshdigd= ti (i ~ 0.8k
13.6 min for OR gel and, ~ 50.9 min for NC gel). Note that _
the intensity of NC gel at its peak is much larger than that of 7\5 0.6
OR gel. This suggests that the cluster size of NC gel at the A
gelation threshold is much larger than that of OR gel. In the -
case of NC gels, the inter-cross-linker distance is much larger %
than that of chemical gels, and clay platelets act as plane cross- o2l
linkers. This is the reason why large clusters are formed in NC
gel at the gelation threshold, followed by percolation transition

to a gel. The large clusters scatter the light more strongly than ' 3 — 0 1 5 '
S > . 10 10 10 10 10 10 10

the case of OR gel, resulting in a sharp dip in the transmittance. characteristic decay time, """/ ms

Figure 6b showgf*(r;tr;q) — 1 of NC1-M1 atq = 0.0018 Figure 7. DLS results of NC gels near the gelation threshold: (a)

A7l As shown in the figure, profiles (1) and (2) have (ime—intensity functions and (b) the distribution functioB;t>ty,).
characteristic relaxation modes around: 0.50 ms fortp <

ti. Polymerization reaction did not start fgr < ty. However, intensity—time correlation functionsg@(z;tp>ty;q) — 1, as a
once polymerization starts (3), it steeply shifts to a langekt function ofz, and Figure 7b shows the characteristic decay time
tp ~ tn, a power-law behavior appears @¥(r;tr,q) — 1, distribution functionsG(T';t>t,). NC0.05-M0.02 and NCO0.2
indicating a fractal-like distribution of clusters (4). Then a gel MO0.08 are in sol state because g (r=0;t>ty,;q) — 1 ~ 1.
mode appeared fdp > ty, (5) and (6). On the other hand, the initial values@#)(z;tp;q) — 1 for NC1—

Figure 7 shows the results of DLS measurements for M0.4 and NCO0.6-M0.24 are less than unity, indicating that
NCO0.05-M0.02, NC0.2-M0.08, NC0.6-M0.24, and NC*+ these are in gel state and in nonergodic. Because of nonergod-
MO0.4 after completion of polymerization. Figure 7a shows the icity, we obtained correlation functions at 10 different sample
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Figure 8. q dependence of the characteristic decay rates of (a) the Sk g .
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MO0.02). LB
. A g o Scclq)
positions for the gels. The curves G{T';tp>ty,) for the gels in g a G A Scrq)
Figure 7b are representative one without loss of generality. The = 3 “.‘ %: 0 Spe() 7]
distribution functions of these two samples have a peak around “ A B
0.1 ms. This peak corresponds to the so-called gel-mode. The 2 o -
mesh size is estimated to be ca. 53 A. Note that both samples o.2, I &
have another broad distribution mode. This indicates that finite b i _
clusters are still present in the system at these concentrations.
This is due to that the reaction completed before gelation 0 i S
threshold and finite clusters; i.e., “microgels” are formed. Such = é(i’(l)l T3 4 56789

a broad distribution is not observed in well-grown NC gels with e
higherCejay andCipa.8 g@(z;tp;q) — 1of NC0.6-M0.24 shows 4
a power-law-like behavior in the region far > 0.1 ms, Figure 10. Partial scattering functions of the claglay Scc(q), the
indicating that this sample is very close to the gelation threshold. glslé/—polymer Cross',temscf’(q)' and the polymerpolymer Se(q),

- . omposed fronh(q)’s in Figure 9.
0@(z;tp;q) — 1 of NC0.05-M0.02 shows a single-exponential
decay at a very large, i.e., 7 & 38 ms. The hydrodynamic  size of finite clusters near the gelation threshold. The clusters
radius calculated from the Einsteti$tokes equation was about in NC gels are much larger than those in OR gels. Now we
3.0 x 10* A. Because NC0.05M0.02 remains in sol state near  will investigate the microscopic structure by contrast variation
the sot-gel transition point after the completion of the reaction, SANS.
this value is an estimate of the largest cluster size for NC9.05 2. SANS. Figure 9 shows the absolute scattering intensity
MO.02. Since this size is comparable to the wavelength of visible functions,lI(qg), of NC1-MO0.4 with solvents of different BD
light, the NC gels at these concentrations scatter light, resulting fractions. The shapes &f)’s were quite similar. Note tha{q)

in a depression of transmittance. of ¢p,0 = 0 is larger than that ofp,0 = 0.56.1(q) becomes
Figure 8 shows the scattering angle dependence of thelarger with increasingpp,o for ¢p,0 > 0.56. The scattering
characteristic decay ratdS,s: (=I'qe;; the gel mode) for NC* length density of the solvent is matched with that of clay at

MO0.4 andI e for NC0.05-M0.02 (the translational mode of  ¢p,0 = 0.75. However, it is interesting to note tHéd) is not
large clusters). As shown in the figure, the decay rates arethe minimum atpp,0 = 0.75.1(g)’s of the other threepp,o's
proportional tog~2. This indicates that both modes are diffusive. change in a similar fashion. This indicates that the contribution
According to these results, the gelation mechanism of NC gel to 1(g) from PNIPA is larger than that of clay.

is similar to that of chemical gel. That is, clusters are formed 1(g)’s of NC gels can be decomposed into partial scattering
after an initiation of polymerization, and they grow up until functions by using singular value decomposition (see eq 4).
they reach percolation threshold, followed by maturing as a bulk Figure 10 shows the partial scattering functio®s{(q), Scc(q),

gel. The difference between the two types of gels lies in the and Scp(g) of NC1-MO0.4. From these partial scattering func-
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Figure 11. Example of partial scattering functions and their fitting results with model functionSc(#)), (b) Scr(d), and (¢)SeHq). The dashed
line in (c) is obtained by fixing the parameters about polymer layer to the value resultingSsgg), and the dotted line shows the contribution
of polymer network from fitting. The solid line is the sum of the two terms.

tions, 1(g)’s of NC gels were well reconstructed by eq 3 (solid (a)
line in Figure 9), indicating that the partial scattering functions 8x10°
are obtained with high accuracy. The same applies for the other e = s
three samples. As discussed above and shown in Figu®g0, o o
(q) is larger thar&:c(q). This is because that the volume fraction A f s
of PNIPA, ¢nipa, is much larger than that of claygay. The & ¢ ’
most remarkable result was that the cross-t&gq) is positive o 4
and betweers.c(q) andS-Hq). As discussed in the theoretical =
section, the behavior &p(q) is quite meaningful becauser-

(q) tells the correlation between clay and polymer chains. The
fact thatScp(q) is in betweenScc(q) and SeHq) suggests the
following. There is noticeable spatial cross-correlation between
PNIPA and clay. If there is no or little cross-correlation between 0.2 04 0.6 0.8 1.0
them,Scp(q) should be negative for all or wide range@fThis Cetay/ 0.0IM

argument leads to the following hypothesis. The clay platelets (b)

T

°

<~

-]

~

~

@}
o

1
&
Xf144

are surrounded by polymer layer, where local volume fraction 1 T
of PNIPA is higher than that of the bulk gel. Since PNIPA 1000}
chains and clay surface have attractive interaction, this hypoth- o
esis seems to be reasonable. As a more concrete picture, q
dangling PNIPA chains may be captured to the clay surface by o< e
the attractive interaction and make dense polymer layer. The T~ ~as - _ 4
network chains anchored to the clay platelets are assumed to % 100, \ =
have no cross-correlation with clay. From this model, partial <" 6f \ a1
scattering function&:c(q), SH(q), andSHq) are obtained by 4 0 dyjay \ / ~
egs 6, 7, and 8, respectively. J -8 v, / ]

Figure 11 shows the fitting result of (&c(q), (b) ScHQ), \1
and (c)SeHq) of NC1-M0.4. Sc(q) was well represented by EXRAR 5 4 56789 T3 456
the scattering function of thin disk with the value of literature 0.1 CalO 011\}[

clay/ V-

and the number density of clay calculated from concentration,
i.e., 150 A height, 10 A thickness, and 2.8010'> cm~3 humber Figure 12. (a) g'sy corllcentr?tiogtdaydd?tpznldence Oofl tt?e f:action of
densty. From the fiting ofS), the size and the local _ Shace S Y pomer iaions 1) e, vl
concentration of the polymer layer are estimated to be about yependence of the interclay distandg, and the correlation length,
200 A in radius and about 30 A in height and about 60 vol %,
respectivelySsH(Q) is further decomposed into two contributions, Figure 12a shows th€,y dependence of the fitting results
i.e., the scattering from polymer network represented by OZ related to the polymer layer. The solid line and dotted line
function (solid line) and the polymer layer (dotted line). The represent the volume fractions of the space occupied by clay,
thick line is the sum of these two contribution, which again fc, and by the polymer layerf,, respectively. Herefy is
well represent$SoHQ). calculated by

SANS measurements were also performed to NEDIB.24,
NC0.2-M0.08, and NC0.05M0.02 and were decomposed into f = f Ve — Ve (11)
the partial scattering functions. Similarly to the NEMO0.4, LA
its cross-termS:p(q), was positive and in betweek(q) and
SeH(0). Then we analyzed them with the same model. According Both fc and f, increase with increasin@cay. The thick line
to the fitting results, the thickness and the local concentration shows the ratio of polymer layer per clay platelés/fc.
of the polymer layer was found to be almost the same, and theInterestingly, this ratio is almost constart4.5), regardless of
correlation length of the polymer network is larger than that of Cgay. This value seems to be the saturated amount of PNIPA
NC1-MO0.4. captured to clay surface.
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Figure 13. Scheme of the gelation mechanisms of NC gels (upper) and OR gels (lower). The middle figure is the polymerizatigmiépendence
of the scattering intensity during polymerization. Blue dots, yellow disks, blue disks, and blue lines indicate NIPA monomer, clay platelets, polym

layers, and polymer chains, respectively.

Figure 12b shows th€.y dependence of the correlation
lengthé& of polymer network (dashed line) and interclay distance,
dciay (solid line). dgay is calculated by

( VCﬁcIay )1/3
mclaycclay

clay —

d (12)

Here, peay and myay are the mass density of the clay platelet
and the molecular weight of the clay platelet, respectively. The
values ofday andé for NC gels with highelCgjay's reported in
the previous papétare also plotted in the figure for reference,
where the evaluated should be similar to the value in this
study. According to eq 1.y decreases witlCeay. & seems
to scale withCelay /% except forCeay = 0.01 M. Comparings
with deay, & is affected bydgay. This result agrees with our
previous workl® According to the above results, the microscopic
structure of NC gels is almost the same regardle€%gfexcept
for Celay = 0.01 M. The reason for the deviation &t Clay =
0.01 M from a straight line with the slope 1/3 is not clear at
this stage.

Figure 13 summarizes gelation mechanism for NC gel

If Cnipa is enough for formation of a percolated network, the
size distribution of the microgel clusters becomes fractal-like
attp ~ ty. It follows by gel formation. This mechanism is almost
the same as that of OR gels. However, as discussed above, the
size of the finite clusters of NC gels ne&f is much larger

than that of OR gels. This is why the scattering intensitjat

is much larger for NC gels than for OR gels and NC gels
exclusively show a sharp depression in transmittance during a
course of polymerization.

Conclusion

We investigated the gelation mechanism of NC gel by DLS
and contrast-variation SANS measurements. Time-resolved DLS
showed similarity as well as dissimilarity of gelation mechanism
between NC gels and OR gels. The contrast-variation SANS
with singular value decomposition method allowed us to obtain
the partial scattering functions. The following significant facts
were disclosed. (1) The gelation threshold of NC gels were
observed as common features of gelation, namely, an abrupt
increase in the light scattering intensity, a power-law behavior
in the time-intensity correlation function, and an ergede

schematically. The cartoons in the upper column denote time nonergode transition. (2) The characteristic depression in optical

evolution of NC gels during polymerization, and those in the
lower column represent that of OR gels for comparison. The
middle figure is thetp dependence of the relative scattering
intensity, I(tp)/lo (shown in Figure 6a). In these models, only

transmittance observed exclusively in NC gels was successfully
accounted for as a formation of huge clusters of NC microgels
before gelation threshold. (3) There exist a polymer layer
surrounding clay platelets with the thickness of ca. 10 A

small numbers of PNIPA chains and clay platelets are drawn irrespective ofC.ay. (4) The correlation lengtlg, scales roughly

for the purpose of simplicity. In the pregel solution, there exists
clay platelets and NIPA monomer. As Haraguchi et al. repdrted,

asCelay 2. (5) The fraction of the polymer layer in NC gels is
almost constant and is ca. 2.5 times as large as that of clay.

initiators and catalysts are concentrated near the surface of theThis means that the microscopic structures of NC gels are almost

clay platelets. After initiation of polymerization, free radical

polymerization takes place and growing polymer chains start

to tie neighboring clay platelets and form finite microgel clusters.

the same irrespective @xjay.
All of the facts support the unique structure and properties
of NC gels and their significance in the mechanical properties,
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such as high deformability, high toughness, high transparency,volume integration is taken over the disc specified in the
etc. It is also demonstrated that the contrast variation SANS equation. The partial scattering functios can be obtained
coupled with singular value decomposition method is a powerful by multiplying F; with Fj and integrate the product over the
tool in structure investigation of multicomponent nanostructures, azimuthal angle5. Hence,Scc, Sp, and Sep are obtained as
such as nanocomposite gels consisting of polymer, clay, andfollows:

solvent.
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Appendix. Derivation of the Partial Scattering Functions
for Polymer—Clay—Solvent Systems

The scattering intensity for a polymer (Rjlay (C)—solvent
(S) system is given by

3
@ =3 p'Si+ 3 0nS (A1)

15

Here, pi is the scattering length density of componénBy
assuming incompressibility, the scattering intensity is given by

(@) = (o, — Ps)zsu + (o2 — Ps)zszz +
2(p1 — P3Py — PS5 (A2)

We rewrite the subscripigf= 1-3) to C, P, and S, respectively.
Equation A2 is equivalent to eq 3. Let us consider the scattering
amplitude,Fi(qg), of each component, whefg(q) is related to

the partial scattering function I8 (qg) = |Fi(g)|2 The scattering
amplitude Ay (R,Hp), for a disk with height 2 and radiusR,

%JZZOACW(RoHoﬁ)zsinﬁ dB (A6)

Sp= %C jZ:OFCFPSinﬂ dg =
n . .
E(:(¢p| o ¢pf1)J;1:oACyI(RC'HCvﬁ) Acy|(Rp|;Hp|.ﬁ) sing dg —
%Cqspl,f/;oAcylz(RoHoﬂ) sinf ds (A7)

Sp=" JyoFe SiNB 4B =2 [ {165 — o)Ay
(RyHpiB) = dpAcyi(Re.He:B)] + m(a)} %sinB dB ~
%C fﬁio[(%l = P Acyi(RoHpiB) — ey

SH0)

——— (A8
1+ & (A8)

(ReHcB)sinB dB +

The numerical factot/, in eqs A6-A8 represents the normal-
ization factor, i.e.,fgsin f d8 = 2, andnc is the number
density of clay platelets. In eq A&,(q) represents the Fourier
transform of#(r) and $P(q) denotes the structure factor of
polymer fluctuations given by OrnsteitZernike form

$HO)

SHa) = Y (A9)

of which preferential axis is randomly oriented with respect to yhere¢ is the correlation length. Here, we assumed t{a}
thez-axis with the azimuthal angle gf(see Figure 2), is given  nas no cross-correlation with those of neither clay platelet nor

by polymer layer. As a result, the partial structure factors, i.e., eqs
. . 6—8, of a ternary system consisting of clay, polymer, and solvent
J;(gRsin .
A (RH.B) = 2V sin@H cosp) (@ : A (A3)  are given by eqs A6AS.
4 gqH cosp gRsing

Hence,F¢ is simply obtained by substituting = Rc, H = Hg,
andp

Fe = Ay(ReHeh)

Next, let us obtainFp. Here, we assume that there exists a
polymer-rich layer near a clay platelet as shown in Figure 2.
The volume fraction, the radius, and the height of the polymer
layer aregp, Ry, and 2y, respectively. By denoting the local
concentration fluctuations of polymers in the matrix beifg)

and its volume fractioy, one obtains

(A4)

Fp=J,"$p exp(-ir-a) dV + [ g,(r) exp(=ir-q) dv —
'/\‘/p‘(ppn exp(-ir-q) dv = (¢p| - ¢pn)AcyI(RpI'levﬂ) -
SoPy(ReHeB) + [ ¢,01(r) explir-) dV (A5)

Here, Vc and V), are the volume of a clay platelet and the
polymer layer including a clay platelet, respectively, and the
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