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ABSTRACT: The microscopic structure of pol{isopropylacrylamide)clay nanocomposite gels (NC gels)
having various clay concentrationS,,) was investigated by mechanical measurement and small-angle neutron
scattering (SANS) as a function of stretching ratid’ he mechanical measurements indicated that the number of
poly(N-isopropylacrylamide) (PNIPA) chains bridging clay platel&igin per unit volume increased witbay*=.
Two-dimensional SANS intensity patterns exhibited the so-called “abnormal-butterfly” pattern. However, both
sector-averaged scattering intensities parallel and perpendicular to the stretching direction were well represented
by Ornstein-Zernike (OZ) scattering functions, suggesting that the NC gels have very little cross-linking
inhomogeneities regardless Gf,y and of 1 (A < 2.0). The correlation lengtfE, obtained by the OZ functions

was a decreasing function Gy, i.e.,& ~ Cuay +%, and was in proportion to the inter-platelet distane€ga, ).

This suggests that the concentration fluctuations are effectively screened by clay platelets. The addijonal
dependence iNchain i-€., Nchair/Celay ~ Caiayt’®, is due to localization of cross-links to the two-dimensional space
on clay platelets. This is one of the direct evidence of “plane” cross-linking, which contributes to the advanced
mechanical properties of NC gels.

Introduction ties and structures by focusing on spatial inhomogeneities and

Polymer-clay nanocomposite materials have lately attracted dynamic fluctuationd?*2
considerable attention because of their high mechanical proper- In general, gels are made of a small fraction of polymer
ties, heat resistance, and so !énHere, clay is not only a ~ component and a large portion of solvent. Hence, gels are very
reinforcement but also an important constituent in improving €co-friendly material and are served in various applications.
the physical properties of the nanocomposites. Recently, Hara-Though high toughness and mechanical strength in gels have
guchi et al. developed novel polymetlay nanocomposite gels ~ been anticipated, conventional gels are very brittle and fragile.
(hereafter we call NC geB:7 The NC gels are made by free- Hence, the advanced mechanical properties of NC gels are
radical polymerization oN-isopropylacrylamide (NIPA) inthe ~ expected to expand the applicability of conventional gel. The
presence of synthetic clay, Laponite. Transmission electron Most interesting fact is that the improved properties are obtained
micrographs of dried NC gels clearly showed fine dispersion by simply replacingN,N-methylenebis(acrylamide) (BIS) (cross-
of exfoliated clay platelets X-ray diffraction patterns of NC  linker of usual chemical gels) with clay in a pregel solution.
gels having low polymer content showed a distinct Bragg peak Note that a simple mixture of PNIPA and clay in water does
originating from a stacking of clay, and the peak shifted to lower not behave like NC gels.
angles by increasing polymer content, indicating a random  In the previous papéf,we reported the microscopic structure
orientation of clay plateletsThese results clearly indicate fine  of stretched NC4 (here the number 4 indicating the clay
dispersion of clay platelets in the polymer matrix. As a result, concentrationCeay of 0.04 M) investigated with small-angle
NC gels have high extensibility and strong toughness owing to heutron scattering (SANS). The NC gels were found to have
a cross-linked polymer network structure via clay platelets as (1) a lower level of cross-link inhomogeneities and (2) “plane
reported elsewer®® Such advanced properties cannot be cross-linker” compared with BIS as “point cross-linker”. The
obtained in conventional chemical gels or physical gels. NC latter statement agrees well with the concept of “multifunctional
gels, on the other hand, have various useful physical properties cross-linking” reported by Oppermann and cowork&€$hese
such as high deformability, incredibly high toughness, high two characteristic features were confirmed to be the most
transparency even at high clay content, a high degree of swellingimportant factors to generate the amazing mechanical properties
capability, etc. In our previous papers, we investigated the of NC gels. Itis of importance to examine how these properties
structure and dynamics of NC gels in order to clarify the origins vary with Cqay. Hence, it is the objective of this paper to
of the advanced mechanical properfié.Nie et al. also investigateCcjay dependence on the microscopic structure and
discussed the relationship between mechanical/swelling proper-to relate it to the mechanical properties.
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tetramethylethylenediamine (TEMED) as an initiator and catalyst, y T T T ' y
respectively. The NIPA monomer concentration was 690 mM (7.8 150
wt %). The details of the preparation procedure are given
elsewheré? NC gels for SANS experiments were polymerized in

a sealed Teflon mold of 2 cm wide, 4 cm long, and 4 mm thick at
20 °C for 20 h. Thus, prepared slab gels were set to a custom-
made stretching device. The sample codes were defined by the ratio
of the clay and water, i.e., NC2, NC4, and NC6. This indicates
0.02, 0.04, and 0.06 mol of clay=(15.24, 30.48, and 45.72 g) in 1

L of D,O or mixed water whose scattering length density was 0
adjusted to the same as that of clay (the volume fraction w&s H 2 4 6 8§ 10 12

D,0O = 0.34:0.66). We confirmed that the scattering length density stretching ratio, A

of the HO/D,0O mixed water as mentioned above was close enough Figure 1. Stress-stretching ratio curves of NC2, NC4, and NC6

to that of the clay? In addition, samples (NC2, NC4, and NC6)  (nanocomposite gel cross-linked with clay) and OR3 (conventional
for dynamic light scattering (DLS) experiments were prepared in chemical gel cross-linked with BIS).

a test tube under nitrogen gas purge. For comparison, a conventional

PNIPA gel cross-linked witiN,N -methylenebis(acrylamide) (BIS)  that of OR3 and the cross-link inhomogeneities are smaller.
was also prepared. The BIS concentration was 3.00 mol % with Besides, with increase tl&ay, the tensile stress and the tensile
respect to NIPA monomer and the NIPA concentration was 1 M. modulus increase as shown in Figure 1. This systematic change
Hence, we call this gel an organic gel (OR3). The mass densitiesjs a|so interpretable as mentioned above. That is, an increase
of the clay and dry PNIPA were evaluated to be 2.65 and 1.26 of c ., makes the inter clay distance smaller and then cross-
glcn. ) ) _ link density larger.

Mechanical MeasurementsTensile mechanical measurements  Note that an interesting recovery behavior was observed after
were performed on NC and OR gels of the same size (5.5 mm, 70gyretching, i.e., first quick but not complete recovery and
mm length) and the same water/polymer ratio (10/1 (W/w)) USINg g hqequent very slow recovery as reported in our previous
a Shimadzu Autograph AGS-H. Tensile properties of NC gels were 10 s

paperi® As a matter of fact, an NC gel recovers its initial length

obtained under the following conditions; sample length between h h havi diff . | hi
jaws 35 mm; crosshead speed 100 mm Thitest temperature 25  trough a process having two different time scales. Haraguchi

°C. The initial cross section (23.75 mwas used to calculate the €t al. reported this interesting recovery behavior of NC gels as
tensile strengths and the tensile moduli. a function ofCgjay up t0Cejay = 0.20 M (NC20) 8 They reported

Small-Angle Neutron Scattering (SANS) SANS experiments ~ that NC gels with higiCeay's, such as NC10 and more, cannot
were performed at the SANS instrument (SANS-U), Institute for Fecover their initial size after large deformation. This is due to
Solid State Physics, the University of Tok¥®.The neutron different orientation behaviors of clay platelets depending on
wavelength was 7.0 A and its distribution was ca. 10%. The sample- the stretching ratio below or abo&jay = 0.10 M (NC10). In
to-detector distance (SDD) was 2.00 and 8.00 m to cover a wide our case, the values @,y are 0.02 (NC2), 0,04 (NC4), and
range of the scattering vectog, The scattered neutrons were 0.06 (NC6) and are lower than the threshold. Hence, it is
collected with a two-dimensional detector (model 2660N, Ordela) regasonable that these gels recovered their initial size after
and then necessary corrections were made, such as air scatteringyaformation.

cell scattering, and incoherent background subtraction. After these 2. SANS Experiment. Two-Dimensional PatternSince NC

corrections, the scattered intensity was normalized to the absolute els are three-component svstems. consisting of clav. PNIPA
intensity in terms of the scattering intensity from a standard sample. 9 P 1t Sy: ! 1ng « Y: ’
and solvent, the scattering intensity function is obtained as

Data reduction was carried out by circular-averaging or by sector- 15

averaging of the two-dimensional intensity data, followed by follows:

incoherent scattering subtr_actib‘hThe temperature of the samples ) )

Wfatlﬁ re?\lljlatleg tg_ll?é il[i \;vr:th a Watetr-clllrcula_ttlﬂgﬂt])ath co_nt_rolleolf 1(@) = ¢pPs(Pp — 0 Sop+ Pcds(oc — P Sec T

with a Nesla ermocontroller wi e precision o 2 _ _ 1
+0.1°C. The stretching experiment was conducted with the same $edclpp ~ ps)pc ~ P9Sec (1)

loyed in th i apeh [ - . .
ggﬁ;gﬁ;g Sszgg\?vgrgsv%ethénste%g;e\ioa 2 F()ug to f iag] g)e;\rﬁs whereg; andp; indicate the volume fraction and the scattering

thenAl = 1.0 (from4 = 2.0 up tod = 6.0). Here (=I/lo) is the length density of.each component, i (P, PNIPA; C, clay; S,
stretching ratio, anth and! are the sample lengths before and after solvent), respectively.SeH(d), Scc(d), and Sed(q) are the
stretching, respectively. The humidity of the sample environment polymer—polymer, clay-clay, and polymerclay structure
was kept constant by placing a bottle of water near the sample infactors, respectively. If one uses a solvent whose scattering
a shielded stretching chamber throughout the experiment. After length density is equal to that of clays = pc; contrast
every stretching step, 10 min was allowed for structural equilibra- matched), eq 1 becomes

tion. The SANS measuring time was 10 min for the case of SDD

= 2.00 m and 2 h for SDB= 8.00 m. No significant weight loss _ RV

due to drying was observed during SANS measurement. 1(Q) = dpds(or — P9 Sop )

T
®

&

stress / kPa

100

_

1 12 13
stretching ratio, A

stress / kPa

50

Hence, the polymerpolymer structure factor can be exclusively
obtained by using a contrast-matched solvent. Figure 2 shows
1. Mechanical Properties Figure 1 shows the tensile stress  the two-dimensional scattering patterns of uniaxially stretched
stretching ratio curves of NC gels and OR gel. The extensibility NC2, taken with SDD= 8 m. The upper columns are the case
and the tensile stress of NC gels are much larger than that ofof D,O solvent and the lower columns are the case of the
OR3 regardless dfay. Note that, however, the tensile modulus  contrast-matched solvent. The stretching direction was hori-
of OR3 is also much larger than those of NC gels. These facts zontal. As shown in the figures, the scattering pattern changes
can be explained as follows. Because the numbers of claywith stretching. At the beginning (= 1.0), the scattering pattern
platelets in NC2, NC4, and NC6 are much smaller than those is isotropic. By increasing, the scattering pattern represents
of cross-linker (BIS) in OR3, the molecular weight of polymer two distinct features. The first is that the peripheral region of
chains between cross-linkers in NC gels is obviously larger than the pattern at = 6.0 is an elliptic shape with their long aXEDV

Results and Discussion
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Figure 2. Two-dimensional SANS patterns for NC2 (SBB8 m): (top) in DO solvent; (bottom) in contrast matched solvénis the stretching
ratio.

oriented perpendicular to the stretching direction (blue). The tration is not expected to appear in the SANS pattern in the
second is that the central part is a two-lobe pattern strongly lower column. However, it is clear that the SANS patterns for
oriented parallel to the stretching direction (red). The central NC gels in the contrast matched solventg.-dependent as
pattern is similar to the so-called “abnormal-butterfly” pattern, well asi dependent. Therefore, it is worthy to discuss this issue.
which is often observed from stretched chemical gel with large In the latter section, we investigate the scattering patterns
cross-link inhomogeneiti€$:1’ Though a “abnormal-butterfly-  obtained from a contrast-matched solvent to extract information
like” pattern was observed both in,0 and in the contrast  on deformed PNIPA chains.
matched cases, such patterns were more clearly observed in NC4 Undeformed State. It is well-known that the scattering
and NC6. function from a semidilute polymer solution](q), is given by

Figure 3 shows the two-dimensional scattering patterns of the so-called OrnsteinZernike (OZ) functio®®
uniaxially stretched NC4. The SANS patterns clearly show the
characteristic features and the effects of contrast matching are () = 1(0) ®)
more distinct than those of NC2. Even in the case of contrast- 1+ &
matched sample, the scattering patterns accompanying two lobes
in the stretching direction are clearly observed. Since clay Here, £ is the characteristic correlation length ak{@) is the
platelets are supposed to be “invisible”, this two-lobe pattern initial scattering intensity. The scattering intensity from con-
must be ascribed to an anisotropic scattering from deformed ventional chemical gels which have large cross-link inhomo-
polymer chains. However, this two-lobe pattern is partially geneities is represented by a sum of Lorentz function and
ascribed to the “invisible” platelets as will be discussed later. squared-Lorentz functio¥:?° Figure 5 shows OZ plots for
At the highqg region, on the other hand, the SANS pattern circular-averaged scattering intensities obtained from the two-
stretched in the perpendicular direction is interpreted to be duedimensional SANS patterns df = 1.0 for the case of the
to elongated polymer chains along the parallel direction. This contrast matched solvent. In these plots, each data set was well
is due to deformed polymer chains by stretching. Hence, by represented by a straight line, representing the concentration
combining ordinary and contrast-matched SANS, one can fluctuations are essentially the same as those of polymer
differentiate the two contributions, i.e., clay platelet orientation solutions. In other words, these plots indicate that the NC gels
and polymer chain stretching. have very small cross-link inhomogeneities regardlesS.gf.

In Figure 4 (NCB6), the effects of stretching are more amplified Hence the PNIPA chains in NC gels behave in a manner similar
both in the case of ED (upper column) and the contrast matched to that of polymer solutions.
solvent (lower). In the case of the former, both clay and PNIPA  Figure 6 show<,y dependence of (a) the correlation length
chains are visible by SANS. Hence, it is reasonable that the & and (b) the initial scattering intensity0). The correlation
effects of stretching are much amplified than the case of NC2 length& decreased with increasiri@ay. Thoughl(0) is known
and NC4. On the other hand, since only PNIPA chains are to be proportional tappZ® for semidilute polymer solutions,

visible in the contrast-matched solvent, effects of clay concen- ¢p is almost constant in this work. Herép is the vqumeCDV
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Figure 3. Two-dimensional SANS patterns for NC4 (SBB8 m): (top) in DO solvent; (bottom) in contrast matched solvent.
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Figure 4. Two-dimensional SANS patterns for NC6 (SBB8 m): (top) in DO solvent; (bottom) in contrast matched solvent.

fraction of the polymer. Hence, neithémor I(0) is expected is obviously contradictory to the experimental result. This means
to vary with Cgay if the system is a mere semidilute polymer that the presence of clay platelets plays significant role in the
solution and clay platelets play just as additives. This conjecture microscopic structure of NC gels. With increasi@gay, the CDV
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Figure 5. OZ plots of circular-averaged SANS intensity function for C.../0.01M
NC2, NC4, and NC6A = 1.0). The solid lines are the fitting results clay © =
with OZ function. Figure 7. Cuay dependence afsans, oy andé&pys.
@ 8oFT ' ' ' "] and the monomer-equivalent molar mass of clay platelet,
respectively. Here we assume thaty = 7.07 x 10° A3 (a
60 T clay platelet of 300 A in diameter and 10 A thickFigure 7
< shows theClay dependence alya,y, the correlation lengthsans
o 4or h from OZ fitting from SANS experiments, and the correlation
length&p s obtained by the results of DLS and the Einstein
20+ . Stokes equation as follow#:22
(0] = 1 1 1 L kBT
2 3 4 5 6 éoLs = 67D )
Cyay/ 0.01IM n
®) : : . . : Here,kg is Boltzman’s constant is the absolute temperature,
7 is the viscosity of solvent, anD is the diffusion coefficient
1.5p ] of cooperative diffusion. From the definition, i.e., eqday
- scales withCgay Y3 Interestingly, bothEsans and &pis are
E 1oL 4 almost equal and decrease with a similar fashion as thady.qf
2 i.e., Esans ~ EpLs~Ceay 3. This means that the correlation of
= ok | concentration fluctuations in NC gels is effectively screened
’ by clay platelets.
Haraguchi et at. evaluated three characteristic number
0.0k L L L g = densities related to the structure of NC gels, i.e., the number of
3 C. 70.0IM clay platelets in a unit volumeé\gay, the number of effective

clay

_ PNIPA chains per unit volume responsible for sustaining
Figure 6. Cuay dependence of (a) the correlation length and (b) the external mechanical forcéychain and the number of PNIPA
zeroq intensities. chains anchored to a clay platelt, N,y was simply obtained

interclay distance decreases and then the blob size of PNIPADY Ceiay and the volume of clgy plateletl. On the other hand,
chain is expected to decrease. As a regsultecreases and0) NC'}"’“” was e_valyated from their mechar_ncal measurements by
should decrease accordingly. However, the observed initial USiNg the Kinetic theory of rubber elasticiy:

scattering intensityl(0) increased with increasinGciay. TO S

account for the increase i{0) with Ceay, it is necessary to F=®Nykg {1 — 247} (6)
propose a model in which clay scattering does exist. Clay

platelets themselves are invisible because of contrast matchingHere, F is the force per unit original (undeformed) cross-
However, they can be visualized by decoration. Haraguchi et sectional area of the netword, which is called the front factor,

al. reported that in the process of mixing of clay and NIPA is related to the specifics of the cross-linking process and chains.
monomer, considerable amount of monomers are adsorbed orin this case,® is considered to be close to unit){* was

the platelet surface and form “brush particles” in the beginning obtained by taking the ratid\chaifNciay. Figure 8a shows the

of polymerizatiorf We believe that this is the reason for the Cgay dependence oNchain and Neiay. It is trivial that Neiay is
increase ofl(0) with increasingCclay. Haraguchi et al. also  proportional toClay, i.€., Neiay ~ Ceiay. However, it is noted
reported that the polymerization conversion is almost 100% andthat Nepain Was found to scale withCyay™3. In the case of

no sol-fraction from NC gel being extracted. elastomers and conventional gels, the number of effective chains
Let us estimate the average inter-clay-platelet distathgg, sustaining external force is proportional to the cross-linker
By assuming equi-distance distribution of clay platelets, one concentrationCy.?* Hence, the relationshiplchain ~ Celay 1S
obtains conjectured instead d¥lchain ~ Ceiay*®. The additionalCejay'
dependence dflchainis ascribed to the “plane cross-linking”
d. = VelayPelay | M2 @) rather than a “point cross-linking” in conventional gels. Let us
clay MejayColay, discuss this issue in the following.

In Figure 8b, the number of PNIPA chains anchored to one
whereVeiay, pclay, andmgay are the volume, the mass density, platelet,N*, is plotted as a function d€¢jay. N* is an increasingCDV
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Figure 8. Cgay dependence of (e)lchain Neiay, and (b)N*.

function of Cgay, and the values oR* are of order of 50 to
100. The scaling argument given in the previous paragraph leads
to the following,

Figure 9. Schematic representation of NC2, NC4, and NC6. The brown

N... C.,. A3 disks, blue lines, cubes, and yellow circles indicate clay platelets, PNIPA
N* = chain  “~clay Cq 1/3 (7) chains, compartments that one clay platelet can occupy, and blobs,
Nclay Cclay ey respectively.

This means that surface densification on platelets occurs byvertical (perpendicular) directions. Both sector-averaged scat-
increasingCclay. Note that the correlation length is a decreasing tering intensities|,a{q) (parallel) anderf0) (perpendicular),
function of Cyay with a fashion ofésans ~ Ceay ¥3(Figure 7), were well represented by OZ functions. This indicates that
which indicates a three-dimensional scaling, i&Cciay being inhomogeneities in NC gels are insignificant even in stretched
constant. This suggests that a gel consists of volume-filled blobs.state. This result is in accordance with the fact that stretching
This type of relationship also applies to the number of cross- does not decrease the transparency (visual observation). In the
links and blobs in the case of conventional gels. However, this case of conventional chemical gels, on the other hand, cross-
statement cannot be applied to NC gels because the productink inhomogeneities increase preferentially in the stretching
Ceiaye/N* is not proportional taCeia,° but to Ciay™3. This is due direction. The two-lobe pattern in the two-dimensional scattering
to the fact that cross-links are not dispersed in a three- patterns is originated from the scattering contrast created by
dimensional space in gels but are localized on a two-dimensionaladsorbed PNIPA chains on clay platelets. The two-lobe patterns
space, i.e., on the surface of clay platelets. This allows the NC appear preferentially in the stretching direction, indicating that
gels to have long PNIPA chains whose ends are anchored onthe clay platelets are oriented with their surface normals parallel
clay platelets. As a result, NC gels achieve exceptionally high to the stretching direction.
extensibility. Figure 10 shows the fitting result§para and Eperp VS 4, for
On the basis of the above discussion, we schematically drewNC2, NC4, and NC6 in the contrast-matched solvépdeand
microscopic structures of NC gels in Figure 9. In this figure, &perp are the correlation lengths frompa{q) and lyerd0),
only small numbers of PNIPA chains are drawn for the purpose respectively. Regardless Gfiay, Sparaincreases with increasing
of simplicity. The volume of the compartment partitioned to 1. On the other handperp Slightly changes with increasing
one clay platelet is calculated from the size of the platelet and This can be explained as follows. The clay platelets come to
the density of the clay. The size of the compartment is larger orient with their surface normals parallel to the stretching
than the platelet diameter whil@y,y < 0.10 M (NC10), but direction. In NC gels with large&ay's, clay platelets are so
becomes smaller than the platelet diameteiGgy, > 0.10 M. densely packed that the clay platelets do not orientate with their
Besides, with increasin@cay, the number of PNIPA chain  normals along with the stretching direction, but have a tendency
bridging platelets increases (SE&in Figure 8b). The circles to orient with their normals perpendicular to the stretching
indicate blobs with the siz& which decreases with increasing direction®
Cuay (Figure 7). Figure 11 shows$pa{0) andlyerf0) vs4, for NC2, NC4, and
Stretched State. When NC gels are stretched ¢ 1.0), the NCB6. l,a{0) andl,er0) are the scattering intensities Ig{q)
scattering patterns become anisotropic. A sector average wasand lpe{0) at q = 0. l,a{0) andlped0) change similarly to
taken with the angle a£10° along the horizontal (parallel) and ~ &para and &perp respectively. As mentioned in the previo&%\/
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Figure 10. 1 dependence of correlation lengths of (a) NC2, (b) NC4,
and (c) NC6 parallel and perpendicular to the stretching direction.

A

perpendicular to the stretching direction and the anisotropy is
not originated from cross-link inhomogeneities but from aniso-
tropically deformed blobs. In the previous papewe proposed

the existence of “ghost” scattering. However, the scattering

@ o T ' L length density of clay in the contrast-matched solvent is not
10 —I;Cim 4 the same as that in PNIPAD,0O solution but the same as that
"g G perp. in the solvent. Then, the difference of the scattering length
> o densities between clay and PNIPA solution in the contrast-
= ° ° o matched solvent leads to the “ghost” scattering of clay.
'8 . o °7 Certainly, the ghost scattering can exist, but the contrast is not
% L S S large enough to be observed by the scattering from the deformed
10 12 14 16 18 20 X ;
1 blob. Hence the scattering pattern like “abnormal-butterfly”
pattern is originated from the deformed blobs and from an
® ' oo orientation of PNIPA chain near the anchoring point on the clay
_ 1 -ﬁcfm, 3 surface.
s J® per Figure 12a shows thé dependence of the normalized
> o o © correlation lengttEpardEo and&perd&o for NC4 and NC6. Here,
~ | i 8 ° | &o is the correlation length with = 1.0 for each sample. The
o . results of NC2 are not shown because of low reliability in the
0 12 14 16 13 20 evaluation of&’s which originates from low statistics in the
2 scattering intensities. Theoretical curves of deformation based
© . . L on an affine deformation mo_del are also plotted. In t_his case,
1o Lcs | EpardEo and&perdEo are propo_rtlonal td andA—%2, respecnvely.
9 S pare: . ° Both épar.as and &pers deviate from the re;ults .of. affllne
5 o deformation model. Though the reason for this deviation is not
s 4% ° clear, the macroscopic deformation is well correlated to the
= L ¢ e o o °| microscopic deformation. In Figure 12K, dependence of
4, . . L microscopic volume changé8Vy = (&pard&o) X (Eperd&0)? and
1.0 12 14 16 18 20 that of affine deformation are plotted. In the case of affine

deformation,V/Vy remains to be nearly unity irrespective of

stretching ratio. This result indicates that clay platelets in an
NC gel change their orientation by keeping the microscopic
volume of NC gel.

section, lpa{0) and lpe0) are proportional tapeépars and Figure 13 shows schematic illustration of NC gels in stretched
¢rEpers, respectively. It is noted thaie is the same for parallel  state 4 = 2.0). Here, we demonstrate that each clay platelet is
and perpendicular directions and almost constant regardless ofpartitioned in a different compartment and orients by rotating
Cuay- Thus, the increase iha{0) and the decrerase Iperf0) its normal parallel to the stretching direction. Clay platelets play
with increasingl are due to an increase #asand a decrease  as “plane” cross-links, resulting in tying a large number of
in &perp respectively. It is notable that the two-lobe patterns PNIPA chains. According to Haraguchi et al., this type of
obtained from stretched NC gels are well represented by OZ orientation becomes impossible when the clay concentratigbig

Figure 11. 4 dependence of zempintensities of (a) NC2, (b) NC4,
and (c) NC6 parallel and perpendicular to the stretching direction.



Macromolecules, Vol. 39, No. 23, 2006 Clay Concentration Dependenc&119

A=2.0

NC2
NC4
g b
<—3‘m ~ S00A  280A
‘Epcrp N _
NC6 [—{ C
N

Z00A 250A

Figure 13. Schematic representation of stretched NC2, NC4, and NG§ 2.0).

higher thanCgay > 0.10 M, and opposite type of orientation blobs and orientation of clay platelets, respectively. (6) Both
takes placé.Microscopic verification of such deformation of  of the sector-averaged scattering functions for the parallel and

NC gels will be investigated shortly. perpendicular directions are also well represented by Oz
function. It indicates that cross-link inhomogeneities remain
Conclusion significantly low even in the stretched state. (7) The deformed

) ) , ) blob sizesEperp and Epara Were obtained from fitting of SANS
Microscopic structures of NC gels with three differéi,s results for stretched state. The volume of blob remains
are investigated by mechanical measurements and SANgIn D unchanged by stretching.

solvent as well as in a contrast matched solvent with clay. The

following facts were disclosed. (1) According to mechanical  Acknowledgment. This work is supported by Core Research
measurements, both the tensile modulus and tensile strengthor Eyolutional Science and Technology (CREST), Japan
increase with increasinGiay. Applying the theory of rubber  gcience and Technology Agency, Japan. T.K. acknowledges the
elaStiCity to the reSUltS, it was found that the number of PNIPA Support by CREST. This work was part|a||y Supported by the
chains bridging clay plateletsl*, increases with increasirQay. Ministry of Education, Science, Sports and Culture, Japan
(2) Two-dimensional SANS patterns/at= 1.0 show isotropic  (Grants-in-Aid 16350120 and 18205025)). The SANS experi-
pattern regardless d€cay. The circular averaged scattering ment was performed with the approval of Institute for Solid
intensity function is well represented by OZ function, which State Physics, The University of Tokyo (Proposal Nos. 5.214,
indicates insignificant level of cross-link inhomogeneities in NC  06.237), at Japan Atomic Energy Agency, Tokai, Japan.
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