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ABSTRACT: PNIPA/clay nanocompoiste gels with co-cross-linked networks were synthesized by in-situ, free-
radical polymerization of NIPAN-isopropylacrylmaide) in the presence of two types of cross-linker, an inorganic
cross-linker (clay: hectorite) and an organic cross-linkeN-methylenebis(acrylamide): BIS), with concentrations

n and m, respectively, in aqueous media. The optical properties and the tensile and compressive mechanical
properties of the resulting hydrogels (REORm gels) were investigated and are discussed herein in terms of
co-cross-linked PNIPA network structures. NGORm gels were all uniform, but their transparencies changed
considerably according tmandm and were generally different from the sum of the transparencies of corresponding
NCn and ORn gels. NG&—ORm gels generally exhibited pronounced weakness and brittleness in tensile tests,
like ORm gels. In contrast, in compressive mechanical tests, large improvements were achievednaaiigh

low mvalues (h < 1: e.g., NC5-ORO0.3). Furthermore, abnormal increases in modulus were observed in both
mechanical tests. All of these results are explained by the formation of a “microcomplex structure” consisting of
exfoliated clay platelets and PNIPA chains with enhanced chemical cross-linking. The mechanism of forming
the proposed microcomplex structure is discussed and is based on a preferential distribution of BIS to clay in the
reaction solution and the formation of claigrush particles during synthesis.

Introduction predominant role of chemically cross-linked networks in the

Polymeric hydrogels, which are soft, wet materials composed destruction of the hydrogels by external forces; ie., the
of a hydrophilic polymer network and a large amount of water, CO€Xisting inorganic nanoparticles do not act as effective
exhibit many outstanding characteristics which are distinct from reinforcing agents in toughening these chemically cross-linked
those of solid materials: high water absorption, high diffusion Nnydrogels.
rate for solutes, soft mechanical properties, wet surfaces, high Recently, it was found that the mechanical properties of
transparency, good biocompatibility, and so on. Especially in PNIPA hydrogels were dramatically improved by using exfo-
the past two decades, polymeric hydrogels consisting of poly- liated clay nanoparticles instead of organic cross-linkémhat
(N-isopropylacrylamide) (PNIPA) have drawn considerable is, a new type of hydrogel (referred to as “nanocomposite
attention as promising advanced functional materials becausehydrogels” or “NC gels”), synthesized by the in-situ, free-radical
of their well-defined stimuli sensitivities at the lower critical polymerization of a monomer (e.g., NIPA) in the presence of
solution temperature (LCST) in terms of gel volume, surface exfoliated inorganic clay (e.g., hectorite) in aqueous media, can
property (hydrophilie-hydrophobic changes), optical transpar- overcome all of these mechanical and functional disadvantages.
ency (transparertopaque), and the adsorption/desorption of NC gels exhibited extraordinary good mechanical properties,
solutest> However, so far, conventional PNIPA hydrogels such as ultrahigh elongation at break (ca. 1000%), high fracture
(abbreviated to OR gels) prepared using an organic cross-linkerenergy (up to 3300 times that of OR gels), modulus and strength
or an irradiation byy-rays have shown serious disadvantages which could be controlled over a wide range depending on the
in terms of their mechanical, structural, and absorption propertiesclay concentration, and superb swelling and deswelling
due to their chemically cross-linked networks. Constant efforts propertiest*~16 All of these characteristics were attributed to
have been made to improve the very poor mechanical propertiesthe organic/inorganic networks formed in the NC gels, which
of OR gels as well as their limited functional properties such consist of exfoliated clay platelets uniformly dispersed in an
as the low degree of swelling, the slow deswelling rate, and aqueous medium with a number of flexible polymer chains
the erratic release of solut€s'? In order to mitigate their linking them togethet In this structure, the clay platelets act
mechanical fragility, OR gels have been modified using as a super-multifunctional cross-linking agent which enables
inorganic components, such as in-situ polymerized sflica, PNIPA to form effective planes of (physical) cross-lirfks2
inorganic clay’, and organically modified claystogether with In contrast, conventional OR gels as well as the silica- or clay-
the organic cross-linker. However, in all cases, the poor containing OR gels described above exhibit only weakness and
mechanical properties were hardly improved by the incorpora- prittleness, regardless of the concentrations of the organic cross-
tion of these inorganic nanoparticles. This is mainly due to the |inker!3-16 and the silica or cla§-8 Thus, it was concluded that

NC gels cross-linked by exfoliated inorganic clay platelets have

* To whom correspondence should be addressed: e-mail hara@kicr.or.jp; extraordinarly high mechanical toughness.

Tel +81-43-498-2111; Fax-81-43-498-2182. N
tKawamura Institute of Chemical Research. However, so far, as shown in Figure 10 (NC gels) of the

* Donghua University. present paper, the mechanical properties achieved in NC gels

10.1021/ma070695p CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/30/2007



Macromolecules, Vol. 40, No. 15, 2007 Microstructures Formed in Co-Cross-Linked Networks527

with a constant polymer/water ratio (1 M of PNIPA) were for dried NC-OR gels. Ultrathin films (ca. 70 nm thick) were
limited to a small range in terms of the modutstrength prepared for TEM observation by cutting the dried gels embedded
relationship. That is, the modulus and strength could be changedn €PoXxy resin using an ultra-microtome (Reichert Ultracut S).
in a linear fashion by altering the cross-linker (clay) concentra-  X-ray Diffraction (XRD) XRD profiles were obtained using
tion. In order to control the mechanical properties of the NC Milled, dried samples under GiKa. X-ray irradiation on a Rigaku-
els over a broad range, the organic/inorganic network structure Denki RX-7 diffractometer. As an internal reference, a small amount
gels ov - P . . of silicon metal was used by incorporating it into the sample.
which is the chief determining factor of the superior properties  \1achanical PropertiesTensile measurements were performed
described above, must be modified in a different manner. Here, oy as-prepared NC, OR, and NOR gel samples of the same size
we focus on the modification of the network by means of (55 mm diametex 70 mm length) using a Shimadzu Autograph
chemical cross-links (covalent bonds) introduced into the organic AGS-H. The tensile properties of the NC gels were obtained under
(PNIPA)/inorganic (clay) network. the following conditions: temperature, 26; gauge length, 30 mm;
As for the coexistence of clay nanoparticles and chemical crosshead speed, 100 mm minThe initial cross section (23.75
cross-links in the hydrogel, only limited effects on the swelling MM¥) Was used to calculate the tensile strengfhed the modulus
and deswelling, such as the lowering of the LCST behavior in (E). The tensile moduli were calculated from the increase in load
- . detected between the elongations of 5% and 15%. Compression
the case of inorganic cldyand the enhancement of the

X . I, tests were carried out for all gels using samples of the same size
temperature response in the case of organically modified®clay, (10 mm x 10 mm x 10 mm), also on the Shimadzu Autograph

have been reported. So far, there have been no reports OM\Gs.H (load cell 1 kN). The compression properties of all gels
changes in the mechanical properties and structural homogenitywere obtained under the following conditions: compression speed,
(transparency) of chemically cross-linked PNIPA/clay gel 0.5 mm/s; compression distance, 8 mm (80%), data rate, 0.1 s. The
systems. This is probably due to the fact that no one has beencompressions between 1 and 1.7 mm were used to determine the
able to make any remarkable improvements to the system. Oncompressive moduli.

the other hand, interesting characteristics (e.g., high strength
and low bulk density) in nanocomposites (solids) consisting of . )
chemical cross-links and inorganic materials have been reported Preparation of NC—OR Gels. Co-cross-linked PNIPA
recently, although systems, such as PNIPA/clay aerogel com-hydrogels were prepared by the in-situ, free-radical polymeri-
posites?! prepared using spongy clay and an organic cross- zatlon_of NIPA in th_e presence of bqth cross-linkers, clgy and
|inker, and Chemica"y cross-linked silica aerog€|a're tota”y BIS, with Concent.ratlonﬂ andm,.as defined abOVe, I’espectlvely,
different from the present hydrogel. In the present study, we in @queous media. The resulting hydrogels (NORm gels)
investigated the precise effects of chemical cross-links coex- Were all uniform and exhibited no macroscopic phase separation
isiting in an organic/inorganic network on the optical and O Syneresis, regardless ofor m. The polymerization yields
mechanical properties of NC gels and found unusually large Were almost 100%99.9%) in all cases. So, the resulting NC
changes in the optical properties and the tensile and compressivéR gels had the same composition as the corresponding starting
mechanical properties by forming a microcomplex structure reaction solutions. This was confirmed by the thermogravimetric

Results and Discussion

consisting of chemical cross-links and exfoliated clay. analysis of dried NEOR gels. Also, since no free polymer
(PNIPA) and no clay species were observed in the water used
Experimental Section to swell the gels, it was concluded that all polymer chains and

. . - all of the clay were incorporated into the networks of the-NC
Synthesis.Co-cross-linked NC gels were prepared using different OR gels. Furthermore. it was observed by TEM m rement

amounts of organic cross-linker (BIS) along with inorganic clay gels. ’ . y easureme
(hectorite: Laponite XLG: Lockwood, Ltd., UK). The resulting for dried NC-OR gels, as described below, that the clay was
hydrogels were named NE-ORm gels, according to the amounts ~ €Xfoliated and molecularly dispersed throughout the sample in
of inorganic clay § mol % per L of HO) and BIS (n mol % against a manner similar to that in the dried NC gé*SThUS, it can be
the NIPA monomer), while the monomer (NIPA) and water were presumed that N&-ORm gels consist of a combined network
fixed at 1 mol per L of HO and 30 mL of HO, respectively. Except of NCn and ORn gels. In practice, different numbers of
for the use of BIS, the synthesis procedure was the same as thathemical cross-links, according g, are incorporated into the
reported previously>*’ For example, to prepare the NE®R0O.5  organic/inorganic network architecture of N@els.
gel, an aqueous solution consisting of water (28.5 mL), inorganic Transparency of NCn—ORm Gels. As previously re-
%ﬁgvﬁjﬁs t%)é géiﬁ\io(r? ';? tr?g'czrt]gl BQLS(N(%,ONZEISI)rx;ﬁ rlzrt)s_red, ported!* the transparency of QR gels shows a clear depen-

y Y o y dence omm (BIS concentration). OR gels with lowm values

ylenediamine: TEMED, 24:L) and an aqueous solution of the - hiahl hile th
initiator (potassium peroxodisulfate: KPS, 0.03 g in 1.5 mL of (M = 3) were highly transparent, while the transparency

H,0). Transparent initial reaction solutions for the NOR gels decreased rapidly with further increasesninand atm = 5,
were prepared at ieewater temperature. Then, free-radical po- the ORm gels became totally opaque, as shown in Figure 1
lymerization was allowed to proceed in a water bath at@Gor (ORm gels). This is due to the frozen structural heterogeneity,

20 h. In this study, the amounts of clay and BIS were varied over as reported by Shibayam&which is caused by the microscopic
the ranges of +10 mol % per L of HO (NC1 to NC10) and  aggregation of chemical cross-links (i.e., BIS units) during the
0.02-5 mol % with respect to NIPA (OR0.02 to ORS5), respectively. - synthesis of the gels. In other words, the heterogeneous
Throughout all experiments, oxygen was excluded from the system. gisribution of BIS that occurs during the course of polymeri-
All NC—OR gels were sy_ntheslzgd in two Kinds of vessels: a ,4ii0n leads to decreased transparency (i.e., reflection of visible
tubular glass vessel (interior size: 5.5 mm diamete200 mm light) in the resulting hydrogel. On the other hand, INGels
length) and a polystyrene cuvette (X010 x 44 mm length) with 9 g nyarogel. ’

are generally transparent almost regardless of the clay concen-

cap for optical use. . ) . L
Measurements. Transparency The transparencies were mea- tration n, although the transmittance shows a slight minimum

sured at 600 nm using a UV/vis spectrophotometer (V-530, JASCO at arounch = 2 and a slight and gradual decrease in the range
Co., Japan) for all gels (as-prepared NC, OR, and-HO®R gels) of highn values. For N@—ORm gels, it was observed that the
in a cubic polystyrene cuvette at 2C. transparency changed greatly dependingg@andm, as follows.
Transmission Electron Microscopy (TEM)EM was undertaken (a) NC1—-ORm Gels. The transmittancesT}, at 600 nm, of
using a JEM-2200FS (Nihon Denshi Co.) instrument at 200 kv NC1—-ORm gels are shown in Figure 1, together with those of
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Figure 1. Transmittance changes in NEDRm gels with different

BIS contents at 20C. The symbol ®” refers to the transmittance of
NC1 gel. (a—c) Appearances and schematic representations of the
structural models for NC1, OR3, and NEDRS gels. (c, d) Chemical
cross-links uniformly dispersed in the OR3 gel aggregate in the-NC1
ORS3 gel by the preferential distribution of BIS close to the clay platelets.
Each microcomplex structure (d) is loosely aggregated in the system.

ORm gels and NC1 gel®). Since the NC1 gel is transparent
(T =96%) and ORn gels exhibit a clear-cut dependenceron
one can reasonably expect that the transparencies of-ORin
gels would exhibit the same dependencenoas that of OR
gels, starting atl = 96%, as shown by the dotted line. However,
the actual results for NCIORm gels differed greatly from those

Macromolecules, Vol. 40, No. 15, 2007

transparencies observed in NE@Rm gels can be related to
the specific combination of clay and BIS. That is, the PNIPA
chains surrounding the clay platelets were predominantly cross-
linked by BIS. Thus, the density of the chemical cross-links
near the periphery of the clay particles was higher than average,
while in the outer regions, farther away from the particles, it
was lower. Here, the microstructure formed in the co-cross-
linked network and responsible for the reduced transparency is
termed the “microcomplex structure”. A schematic representa-
tion of the microcomplex structure, consisting of exfoliated clay
platelets and chemically cross-linked PNIPA chains surrounding
the clay, is shown in Figure 1d. The density of the chemical
cross-links in the microcomplex structure and the difference
from that in the outer region should change dependingnon
andn, or, more correctly, on the ratio/n. As readily expected,

the difference in the density of the chemical cross-links should
be very high whem is low andnvn is high, as in NC+OR3,

and should diminish at high and highm.

Considering the pronounced decrease in the transparency of
the NC1-OR3 gel, the transparency might also be affected by
a further concentration of chemical cross-links induced by the
aggregation of microstructure units. By analogy withr@gels
with high m, where the microscopic aggregation of chemical
cross-links occurs during the synthesis, thereby rendering the
ORmgels totally opaque, it is considered that the microcomplex
structures with fairly high chemical cross-link densities may
aggregate with each other during synthesis, particularly at low
n and highm/n. Concerning the aggregation of clay platelets,
which is central to the microcomplex structures, we speculated
that it may be useful to observe the clay dispersion morphology
in dried gels by TEM. Since NEOR gels contracted uniformly,
maintaining a form similar to the original one as they dried,
and each clay sheet was linked with neighboring clay sheets
via a number of polymer chains, it was thought that the clay
dispersion in the dried state may reflect that in the hydrogel
state. As shown in Figure 2a, the clay platelets aggregated to
some extent in a thin film of dried NCAOR3 gel. Here, the
clay was molecularly exfoliated, but the discrete clay platelets
aggregated loosely and irregularly in the dried state, although,
in the hydrogel state, the interclay distances will increase
substantially upon swelling. The loose and irregular aggregation
was also confirmed by X-ray diffraction measurements. No
distinct diffraction peak was observed in th@ iange from 1.5
to 5° in the dried NC1-OR3 gel, a situation similar to that of
the other NC gel$® which means that there is no regular
stacking of clay platelets or of the clay/polymer intercalation
in the dried NC+OR3 gel, and, by analogy, in the nondried
NC1-OR3 gel as well.

expected. That is, the transmittance rapidly decreased at low Schematic representations of the network structures as well

BIS concentrationsn < 2) and reached a very low valu€ €

6%) atm = 3, although the corresponding OR1 to OR3 gels
were all transparentl(= 100 to 96%). These results indicate
that the networks of NCXORm gels are not formed by the
simple addition of the two corresponding homogeneous NC and
OR gel networks but have a kind of microstructure with
heterogeneities on the wavelength scale of visible light.

As shown in Figure 1, the transmittance of NGARm gels

as the appearances of the NC1, OR3, and NOR3 gels are
shown in parts a, b, and c of Figure 1, respectively. The high
concentration of chemical cross-links in the microcomplex
structure may be attributed to the existence of a preferential
distribution of BIS to the immediate surroundings of the clay
particles in the reaction solution. The mechanism of microcom-
plex structure formation will be discussed in a later section.

(b) NC10—ORm Gels. Provided that the formation of

started to decrease when a very small amount of BIS, such asmicrocomplex structures and their loose aggregation are re-

m=0.01, 0.05, or 0.1, was incorporated. Also, when comparing
two types of hydrogels, e.g., the OR2 gél<£ 100%) and the
NC1-OR2 gel = 23%), very different transmittances were
observed, although the difference in composition was only a
small amount of clay, 6.7 (0.68) wt % against PNIPA (total
gel). From these results, it was deduced that the lower

sponsible for the abnormal decrease in transmittance, the effects
should be very marked whemis low andm is fairly high, as

in NC1-OR2 or —OR3 gels, because the difference in the
chemical cross-link density between the microcomplex structure
and the outer matrix region should be accentuated when the
concentration of clay particles is low and the number of BIS
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Figure 3. Transmittance changes in NCX@Rm gels with different

BIS contents at 20C. The symbol &” refers to the transmittance of
NC10 gel. (ac) Appearances and schematic representations of the
structural models for NC10, OR5, and NC1OR5 gels. The hetero-
geneous aggregation of chemical cross-links observed in the OR gels
is depressed in the NCH®DR5 gel.

line). However, the deviations from the calculated line are in

Figure 2. Transmission electron micrographs of dried (a) N@IR3, the oppo_site sense to t.hat for NEORm gels. jl'hat. is, in the
(b) NC5—-ORY1, and (c) NC180RS5 gels at a magnification of 300 000. NC1 series, the transmittance decreased rapidly in the range of
low BIS content (Figure 1), but in the NC10 series (Figure 3),

units preferentially distributed to the vicinity of the clay particles the transmittance decreased monotonically but only by a small
is consequently large. This view is consistent with the results amount throughout then range of 6-5, and the gel retained a
presented in the former section. high transmittance even at high (m = 5, nVn = 0.5).

This implies that the decrease in transmittance would be The changes in transmittance observed in NEO®m gels
reduced at highem because, at constami, the number of BIS can also be explained by the formation of the same microcom-
molecules per clay particle decreases with increasinglso, plex structures, as follows. At lom (m < 3), only a slight and
when bothn andm are high (andwn is therefore not high), the  gradual decrease in transmittance was observed with increasing
transparency is minimal because a large number of microcom-m, which is mainly due to the small number of BIS molecules
plex structures with a fairly low difference in chemical cross- per clay particle (e.gm/n = 0.1 for the NC16-OR1 gel). At
link density from that of the surroundings are dispersed m = 3, the actual data crossed the calculated line. At migh
uniformly, without microscopic aggregation, throughout the (m > 3), the transmittances were higher than those calculated.
system and may result in gels with a homogeneous distribution For example, the NCX0OR5 gel (Figure 3c) exhibited a
of chemical cross-links on the wavelength scale of visible light. remarkably high transparency & 68%), although the OR5
The changes in the optical transmittance of-NOR gels with gel (Figure 3b) was opaqud (= 0%). This means that the
high n values, on changing tha values, are shown in Figure  network heterogeneity observed in the OR5 gel, i.e., the
3 for NC10-ORm gels and compared with those of NC10 gel heterogeneous aggregation of chemical cross-links, was sup-
(®) and ORngels. It was found that the change in transmittance pressed by the presence of the clay. That is, the distribution of
with m differs from that expected from the simple summation chemical cross-links in the NCHDR5 gel was quite homo-
of the values for the two individual types of network (dotted geneous. This is because a large number of microcomplex
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Figure 4. Effect of the clay content on the transmittance of NC and
NCn—ORm gels at 20°C.

structures with a relatively low difference in the density of
chemical cross-linksnyn = 0.5) from that of the matrix
developed uniformly throughout the gel. The uniform dispersion
of exfoliated clay platelets in dried NC-ORm gels with high

n, such as = 5 or 10, was confirmed by TEM observation, as
shown in parts b and c of Figure 2 for the dried NGBR1 gel
and the dried NC1OOR5 gel, respectively. It was observed
that the clay was perfectly exfoliated and uniformly dispersed
throughout the dried gels, particularly in the dried NGBR1
gel (Figure 2b). Schematic representations of the networ
structures as well as the appearances of the NC10, OR5, an
NC10-ORS5 gels are shown in parts a, b, and ¢ of Figure 3,
respectively.

(c) NCn—ORm Gels.In NCn—ORm gels with moderate clay
concentrations (e.g., NG8ORm gels), the changes in transpar-
ency were intermediate between those of NORm and
NC10-ORm. The overall tendencies in the transmittance change
for NCn—ORm gels produced by altering the(0—10) and the
m (1-5) values are summarized in Figure 4. Here, the effects
of n on the transmittance at various constantalues are shown.

At low n (up ton ~ 3), the transmittance decreased markedly
with increasingm, while decreasing less at high(e.g.,n =
10). These results indicate that the incorporation of chemical

Macromolecules, Vol. 40, No. 15, 2007

change in viscosity of the clay aqueous solution upon the
addition of BIS, as explained in a later section.

Mechanical Properties of NOh—ORm Gels. As described
in the Introduction, NC gels exhibit extraordinary toughness,
with high elongations at break and controllable moduli and
strengths, due to their unique organic/inorganic network struc-
ture. On the other hand, OR gels are fragile because their
network structures have large numbers of randomly distributed
chemical cross-links. What, precisely, are the mechanical
properties of NG-OR gels? The mechanical properties ofiNC
ORm gels were investigated in terms of two deformation
modes: elongation and compression.

(1) Tensile Mechanical PropertiesFrom tensile tests on a
consecutive series of NEOR gels, it was found that, in general,
NCn—ORmgels fractured readily on elongation, exhibiting very
low elongations at break and low strengths, very much likerOR
gels (Figure 6&c). Typical strair-stress curves for NC50Rm
gels with differentm values are shown in Figure 6d. In these
experiements, then was varied over a wide range, but shown
in the figure are data only for a small rangerofvalues, from
0.02 to 1. NC5-ORm gels with highem, such as NC50R2
or NC5-OR5 gels, were all weak and brittle, like the NE5
OR1 gel. The fact that NEOR gels are, as a whole, fragile
indicates that, by analogy with OR gels, the chemical cross-
links may be a major factor determining their tensile properties.
As shown in Figure 6d, the use of small amounts of BIS together
with clay (e.g.,m = 0.02-0.3) greatly decreased the strength
and elongation at break of the gels compared with the mechani-

K cally tough NC5 gel, while their modulus increased. Conse-

uently, NC5-ORm gels withm = 0.5 exhibited pronounced

rittleness and weakness, very much liker®gels with their
inferior tensile properties. This fragility was also observed in
other NGh—ORm gels over a wide range of clay concentrations
(n=1-10). Therefore, it is concluded that the co-cross-linked
networks of N@—ORm gels mostly contain well-dispersed
chemical cross-links except at very low(<0.3 in the case of
n = 5), judging from their response to tensile deformations.

The results described above are consistent with the existence
of microcomplex structures in the co-cross-linked networks
(Figures 1 and 3). That is, the chemical cross-links are well
dispersed throughout the gel, except at very tor~0.1), where
the networks of NG—ORm gels still contain flexible PNIPA

cross-links into the organic/inorganic network accelerates the chains in the outer (matrix) region due to the preferential

decrease in transparency when the clay concentratisriow
and that the decrease is more subdued whenhigh.

concentration of chemical cross-links in the microcomplex
structures.

Figure 5 shows a schematic representation of the relationship  With regard to the initial tensile modului of NGOR gels,

between the distribution of clay particles and the chemical cross-

linking units (BIS) for the cases in which (&) is constant and
(b) m/n is constant. In the case of (a), the total BIS content is
the same, so the transparency increases with increasiAg

the moduli generally increased with increasimg as readily
expected from their composition (Figure 6d). However, an
analysis of all data for N@—ORm gels revealed that the initial
moduli show characteristic dependencieswandn. Changes

low n, the clay accelerates the aggregation of the chemical cross-in the initial modulus for various N@&-ORm gels with different

links, but at highn, the clay improves the uniform dispersion

m and n values, together with those for @Rgels, are

of the chemical cross-links. In the case of (b), the number of summarized in Figure 7. Here, since the moduli of the network
BIS units per clay particle is fixed. Therefore, the transparency materials are basically proportional to the effective cross-link
gradually decreases with increasimg (from b-1 to b-2). density?* the moduli of NG-ORm gels were initially estimated
However, with further increase in clay content, the system by the simple summation of the two moduli of the corresponding
appears uniform on the wavelength scale of visible light, so ORmand NG gels; these calculated values are shown as dotted
the transmittance of the gel increases. These predicted behaviortines, while the observed moduli are shown as solid lines. A
were indeed observed in actual NEORmM gels, as shown in comparison of these pairs of data sets revealed that the actual
Figure 5c. The dotted lines plotted for the samia values (0.1, moduli were mostly greater than those calculated. The discrep-
0.5, and 1.0) all exhibit a minimum at the intermediateThe ancies from the estimated values were very small for theNC1
selective distribution of chemical cross-links (BIS) in the ORmgels but were very large for NG-ORm gels with highn
periphery of the clay platelets was also consistent with the values. Also, at constant the discrepancies increased markedly
findings for the mechanical properties of NOR gels and the  with increasingm. Thus, NG \—ORm gels with highn andm,
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Figure 5. (a, b) Schematic representations of the distribution of the clay platelets and the chemical cross-linking points (BI5)@RN@els.
(c) Effect of the BIS content on the transmittance off@Bnd NG —ORm gels at 20°C.

such as NC50R5 and NC16-OR5 gels, showed large caused the aggregation of chemical cross-links, thus rendering
differences between the observed moduli (an increase) and thehem ineffective in increasing the modulus (Figure 1c).
calculated ones (Figure 7). On the other hand, in NORm (2) Compressive Mechanical Properties\We will now
gels, it was found that the actual moduli were mostly the same gnsider the compressive mechanical properties ai+NGRm
or slightly lower than those calculated. gels. As reported previously, NCgels are flexible and
Thus, remarkably high initial tensile moduli for M€ ORm remarkably tough (Figure 8a). On the other hand,nOgels
gels were achieved, compared with the calculated values(NC are, in general, readily fractured asunder on compression by
gel + ORm gel), particularly for N@—ORm with high n and hand, almost regardless af (Figure 8b). So, since a large
high m. In contrast, N@—ORm gels with lown or highn and number of chemical cross-links may act as the predominant
low m, such as the NCXOR~5 and the NC50OR~0.5 gels, factor in the deformation induced by an external force, we
did not exhibit large increases in modulus. These changes insuggest that the compressive properties ohNORm gels in
modulus are also explained by the proposed network model. general change in a manner similar to the tensile behavior
The remarkably high moduli of NE&-ORm gels with highn described above. That is, the compressive strength af-NC
and highm are ascribed to the very homogeneous distribution ORm gels closely approaches that of @Rels with increasing
of chemical cross-links (Figure 3c), which was effective in m. So, for example, it was predicted that NMGOR1 gels would
increasing the modulus, whereas in the NRm gels, the suffer brittle fracturing in compression tests, like the OR1 gel.
moduli hardly increased, or were even lower than those However, it was found that the actual data were quite different
calculated, because of the preferential distribution of chemical from the predictions, as shown in Figure 8c. In the following
cross-links toward local sites (microcomplex structures), which parapgraphs, the compressive mechanical properties aF-NC
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Figure 6. (a—c) Differences in the tensile mechanical behavior of (a) NC5, (b) OR1, and (c)-0E&. gels. (d) Stressstrain curves for NC5

ORmM gels with different organic cross-linker contents=€ 0—1).
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Figure 7. Effect of the organic cross-linker contemb)(on the tensile
moduli of ORm and NG—ORm gels. The dashed lines are the values
calculated by the simple summation of the two moduli of the
corresponding OR and N gels.

ORmM gels are described separately for two groups, gels with
low m (<1) and gels with highm (e.g.,m = 2—5), in terms of

of NC5 gel, but different from that of the fragile OR1 gel. The
compressive stresstrain curves (up to 80% compression) of
NC5—0Rm gels with differentm values are shown in Figure

8d (thick, solid lines), together with that of the NC5 (i.e., N€5
ORO) gel (in blue) and the OR1 gel (in orange). Here, the OR1
gel fractured at a strain of about 70% and low compressive
strength (0.7 MPa). The NC5= NC5—0ORO0) gel showed a
relatively low modulus, like the OR1 gel, but had not yet
fractured at 90% compression and 6.6 MPa stress, although the
stress required to achieve 80% compression was quite low (0.7
MPa). In contrast, NC50Rmgels fn < 1) generally had higher
rigidity (modulus) and could withstand deformations in excess
of 80%. Figure 8d shows that the compressive strengths of
NC5—ORm gels at 80% strain were increased to a remarkable
extent by only small increases in, e.g., 2.8 MParfi= 0.02),

4.5 MPa (n = 0.3), and 5.2 MPand = 1). The compressive
strengths (at 80% strain) were equal to or higher than those of
NCn gels with very high clay concentrations, e.g., NC15 (2.9
MPa) and NC20 (4.9 MPdY. This is somewhat astonishing
because it means that the excellent compressive properties of
the original NC gels can be improved even further by the
incorporation of quite small amounts of chemical cross-links,
and the resulting NEOR gels will readily show remarkable

the different effects of the chemical cross-links on the compres- improvements in compressive strength and modulus while

sive properties.
(&) NCn—ORm Gels (m = 1). As shown in Figure 8c, NC5

retaining their high compressive deformability. The compressive
strengths at 80% strain were comparable to the highest values

OR1 gel exhibited a tough compressive behavior similar to that reported for double-network hydrogéfs.
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clay platelets. On the other hand, at lonsince the number of
BIS units per clay particle[{ mvn) is high and there are also

0 OR1 appreciable spaces throughout the outer region, the excess BIS
0 20 40 60 80 100 should form a greater proportion of chemical cross-links in the
Strain(%) outgr regiodn, as ig O:? ?els. Thus,_N€OF|2m gels \gg Ilown
. . . . . tend to undergo brittle fracturing, in analogy to els.
Figure 8. (a—c) Differences in the compression behavior of (a) NC5, .
(b) OR1, and (c) NC5OR1 gels. (d) Stressstrain curves for NC5 (b) NCn—ORm Gels (m = 2). Figure 8d also shows the
ORm gels with different organic cross-linker contents & 0—5). stress-strain curves (thin, solid lines) for NGSORm gels with
NC5—ORm gels withm = 0—1 did not fracture when compressed up  high m (= 3, 5). It was found that NC50Rm gels with high
to 80%. mwere brittle and that their compressive behavior approached
that of ORm gels with increasingn. This behavior is totally
As for other N:—ORm gels (e.g., NC16ORm, NC2— distinct from that of gels with lown values ¢n < 1) described

ORm), the NC16-ORm gels (n < 1) exhibited the same  ahove. For othen values € 10, 2), the NC16-ORm gels (n
behavior as the NC50Rmgels; i.e., they did not fracture. The > 2) exhibit a slightly higher strength than the same strain at
strengths (at 80% strain) of the NCIORmgels were the same  preak as the NC50ORm gels, whereas the NGZDRm gels

as or slightly lower than those of the corresponding NC&m > 2) generally showed very low strength and low strain at break.
gels, while their initial compressive moduli were higher than Thus, all NGO—ORm gels with m = 2 fractured under

(almost double) those of the NE®Rmgels. On the other hand, compression until 80% strain regardlessndh = 1—-10), and
the NC2-ORm gels (n < 1) generally showed very low  the ultimate strength (at break) decreased steeply with increasing

strengths, e.g., 0.45 MPan(= 0.1) and 0.91 MPan} = 0.5), m. The strain at break, which decreased with increasingas
compared with the NC50Rmand the NC16:ORmgels. Thus,  gjightly greater than that of the corresponding®gels. The
it was concluded that NC-ORm gels with highn (e.g.,n =5, brittleness of N@—ORm gels with highm can also be explained

10) and lowm (<1) exhibit greatly improved compressive py the network model proposed. For example, the NOR5
properties but that such improvements are very small atlow  ge| (wn = 2.5) was brittle because the excess BIS formed
(n=2). chemical cross-links in the outer region; the NEIDR5 gel

The compressive behavior of MEORmM gels can also be  (m/n = 0.5) was brittle because a homogeneous distribution of
explained by the network model proposed. In the case of high chemical cross-links was established in the gel.
n and low m (e.g., n = 5 m =< 1), large numbers of (c) Initial Compressive Moduli of NCn—ORm Gels.
microcomplex structures are formed uniformly throughout the Abnormal increases in the initial compressive moduli were also
gel, which was confirmed by TEM observation for the NC5  observed in N@—ORm gels, particularly in those with high
OR1 gel (Figure 2b), whereas the PNIPA chains within the and highm, in analogy to the tensile moduli (Figure 7). As a
microcomplex structures form only light chemical cross-links typical example, the initial compressive moduli of NC5, OR1,
because of the limited number of BIS units per clay particle and NC5-ORL1 gels are shown in the inset of Figure 9. The
(i.e., smallm/n value). Furthermore, the PNIPA chains in the modulus of the NC50R1 gel is much larger than the sum of
outer region are also cross-linked to a lesser extent, probablythose of the NC5 and OR1 gels. Such abnormal increases were
because most of the BIS is preferentially distributed to the observed across the entire series ofiNORmgels =1, 5,
microcomplex structures. Consequently, INGORm gels with 10: m = 1-5), particularly at highn, as shown in Figure 9.
slightly inhomogeneous networks consisting of loosely cross- Here, the dashed lines represent the calculated values obtained
linked PNIPA chains in the microcomplex structure and very by the simple summation of the two moduli of the corresponding
lightly cross-linked flexible PNIPA chains in the outer region ORm and NG gels. The actual moduli (solid lines) at high
can withstand compressive strains, while the initial moduli are were much larger than those calculated. The increases in
increased significantly because the chemical cross-links existingmodulus were almost proportional toin the range ofm > 1,
within the microcomplex structures are spread quite uniformly and the slopes of the moduli’s dependencerdncreased with
throughout the gel, accompanied by the uniform dispersion of increasingn. This indicates that the chemical cross-links
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6 structure. By altering the clay concentration, the compressive
° strength and initial modulus could be controlled over a wide
- range, as shown in Figure 10 (NC gels). All NC gels withstood
a large compressive deformation of more than 80%. However,
since the modulus and strength changed monotonically, in a
linear fashion, with the clay concentration, a rather small region
in the correlation was covered by the NC gels. In the present
study, it was revealed that the strengthodulus correlation of
the PNIPA hydrogel was considerably enhanced in-\GR
gels (Figure 10). Here, the combination of high strength and
low modulus, which is usually a difficult and much sought-
after requirement in materials design, was accomplished as well
as the combination of high strength and high modulus.

Formation of Microcomplex Structures. NC—OR gels
0 100 200 300 400 500 contain two types of cross-links in the PNIPA chains: chemical
cross-links formed by the BIS units and physical cross-links to
the clay particles. When the clay concentration is sufficiently
Figure 10. Correlation between the compression strength and the high to form an organic/inorganic network £ 1), the network

modulus, which are controllable in MCORm, and NG—ORm gels . ; ; _li ; _
by altering then (0—10) and m (0-5). The modulusstrength of an NG-OR gel consists of the chemical cross-links incor

relationship can be controlled within each rounded area of the graph, Porated into the organic/inorganic network architecture. From
Here, the strengths for the NC and NOR gels are at 80% the characteristic changes in the optical and mechanical proper-
compression (without fracture), whereas the strengths for the OR gelsties of NC-OR gels, it was concluded that the incorporation
are at their maximum at break. of chemical cross-links is not perfectly uniform and not the same
100 as in OR gels but that microcomplex structures, consisting of

Strength(MPa)
w

Compression modulus(kPa)

clay platelets and PNIPA chains with a relatively high chemical
NC2 cross-link density, are formed. With regard to the mechanism
80 NC2-OR0.2 of microcomplex structure formation, it is proposed that
g NC2-OR0.5 chemical cross-links between PNIPA chains are formed pre-
§ 60 dominantly in the vicinity of the clay platelets during NOR
£ NC2-OR1 gel synthesis. The density of the chemical cross-links in the
E 4 | microcomplex structures naturally varies depending on the
g values of n and m, although the cross-link density in the
20 | NC2-OR3 microcomplex structures is always somewhat higher than that
in the outer regions.
0 NC2-OR5 The enhanced formation of chemical cross-links in the
microcomplex structures may derive from the preferential
0 600 1200 1300 2400 3000 3600 distribution of BIS to the periphery of the clay platelets in the
Polymerized time(s) initial reaction solution. This hypothesis was confirmed by
Figure 11. Changes in optical transparency during the polymerization measuring the changes in viscosity of aqueous clay suspensions
of NC2 and NC2-ORm gels. (i.e., the time dependence of the viscosity) on adding BIS and

NIPA. As reported previousli8 the viscosity of aqueous clay
incorporated into N6—ORm gels are so well dispersed that Suspensions gradually increases with retention time. This is
they effectively increase the compressive modulus and that theirPecause exfoliated clay platelets, whose surfaces and edges carry
cross-linking efficiency increases with increasimgAt low n negative and positive charges, respectively, tend to form a so-
(e.g.,n = 1), no abnormal increase was observed, but the called house-of-cards structure through ionic interactions. In
modulus was almost the same as the sum of the moduli of the Table 1, the effects of BIS and NIPA on the viscosity of an
corresponding NEand ORn gels. This tendency was the same 2qU€OUSs clay suspensiololy = 4 wt %) are shown. The
as that observed for the initial tensile moduli. increase in viscosity was depressed appreciably by the addition

In Figure 10, the correlations between the initial compressive Of either BIS or NIPA, and the magnitude of the decrease in
moduli and the compressive strengths are summarized for theViScosity was greater with BIS than with NIPA, when compared
three types of PNIPA hydrogels studied: OR, NC, and-NC ~ ©n both equi-molar and equi-amide-group bases. These results
OR. In the figure,n and m were altered within the range of indicate that clay platelets are more effectively surrounded by

0—10 and G-5, respectively, for the N& ORm, and NGI— BIS than by NIPA, probably due to interactions between the
ORmgels. Here, the strengths for the N&nd NG—ORm gels ionic clay and the dipolar BIS molecules. Thus, the chemical
correspond to 80% compression without fracture (NORM cross-linking of PNIPA chains took place predominantly in the

gels which fractured before reaching 80% compression were Surroundings of the clay platelets to form microcomplex
not included), and the strengths for OR gels correspond to the Structures with relatively high chemical cross-link densities.
fracture point. The conventional OR gels were always weak The formation of microcomplex structures may also be related
and brittle, readily rupturing under compression by finger to the unique formation mechanism of NC gels. As previously
pressure. So, in the correlation, only a small area (the roundedreported® the transmittance showed a remarkable change in
OR area of the graph) was covered. On the other hand,the early stage of the in-situ polymerization of NC gels,
mechanically tough PNIPA hydrogel was successfully made for particularly at lown, as in NC2 (Figure 11). The unusual
the first time by creating a new type of nanocomposite gel (NC decrease in transparency corresponded to the formation ef clay
gel) with a unique organic (PNIPA)/inorganic (clay) network brush particles, which were formed due to the predominant
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Table 1. Viscosity Change Induced by the Introduction of BIS or NIPA into the Clay Solution

additives none BIS NIPA
concn (102mol per L of HO) (clay solution) 1 2 5 7 2 5 7
viscosity (mPas) 506 409 316 233 225 480 430 269

a All viscosities were measured 60 min after preparation.

initiation at the clay surface. In the present study, the addition large improvements in compressive strength were achieved, and
of a small amount of BIS to the reaction solution, as shown in the samples did not fracture below 80% strain. These improved
Figure 11, did not induce the recovery of the transmittance as properties were observed to be especially large imNORm
much as in the NC2 gel after it reached its minimum value. gels with highn, e.g.,n = 5 or 10. In the case ah > 1, the
This may indicate that claybrush particles were formed ina NCn—ORmgels tended to undergo brittle fracturing at ultimate
manner similar to the way they were formed in the original strains of less than 80%, almost regardless.M/ith regard to
NC2 gel (ORO0), but with increasinm, highly dense PNIPA  the initial compressive moduli, large increases above the
chains were fixed in the claybrush particles via chemical cross-  estimated values were observed, in analogy to the initial tensile
links due to the reaction with BIS. With further increasesnin moduli. This tendency was very marked in NMGORm gels
more densely packed chemical cross-links formed in the with high n andm. As a result, it was found that, in terms of
immediate surroundings of the clay particles, subsequently the correlation between strength and initial modulus,NGIR
accelerating the loose aggregation of the resulting-etaysh gels can boost the compressive properties of PNIPA hydrogels
particles. Hence, the transmittance continued to decrease to zerao a new level.
) (5) All of the characteristic optical and mechanical properties

Conclusion observed in the present study indicate that a kind of micro-

Co-cross-linked PNIPA hydrogels were prepared by in-situ structure, referred to as the “microcomplex structure” and
free-radical polymerization of NIPA in aqueous solutions consisting of exfoliated clay platelets with enhanced densities
containing two types of cross-linker: an organic cross-linker of chemically cross-linked PNIPA chains, is formed in all NC
(BIS) and an inorganic cross-linker (clay). The resulting OR gels. So, in N6—ORmgels, the distribution of the chemical
hydrogels (NC-OR gels) were investigated in terms of their cross-links incorporated into the organic/inorganic network
optical properties and their tensile and compressive mechanicalarchitecture varied greatly, from heterogeneous to homogeneous,

properties. The following results were found. depending strongly on the values of bathndm. For example,

(1) The obtained N6—ORm gels were uniform hydrogels  at highn (e.g., NC16-ORm gels), a large number of (clay
regardless of the concentration of clay &nd BIS () and, in platelet-centered) microcomplex structures were well dispersed
all cases, completely lacked macroscopic phase separation othroughout the system, and the difference in the chemical cross-
syneresis. The compositions of the NMGORm gels were the link density between the microcomplex structures and the outer
same as those of the corresponding starting solutions: IR region was fairly small due to the lom/n. This means that the

gels consist of combined networks of N@nd ORn gels. That chemical cross-links were homogeneously distributed throughout
is, different numbers of chemical cross-links, determined by the the gel, almost regardless wi Thus, for example, the NC10
value ofm, are incorporated into the organic (PNIPA)/inorganic OR1 and the NC50R1 gels were simultaneously very tough,
(clay) network structures of N€Cgels. very strong (superior compressive property), and highly trans-
(2) The transparencies of MG ORm gels changed consider-  parent, but also very brittle (inferior tensile property), whereas
ably according to the values of and m and were generally  the NC10-OR5 gel exhibited quite high transparency, although
different from the sum of the transparencies of the correspondingthe OR5 gel was opaque. On the other hand, at toge.g.,
NCn and ORn gels. At lown (e.g.,n = 1), NC1-ORm gels NC1-ORm gels), a heterogeneous distribution of chemical
exhibited steep drops in optical transmittance with small cross-links and a loose aggregation occurred due to the low
increases im, and atm = 3 (NC1-OR3), the gel became  number of microcomplex structures with highly dense chemical
opaque although both the NC1 gel and the OR3 gel were cross-links (highnvn). This structure causes a large decrease

transparentT > 90%). In the case of high (e.g.,n = 10), the in transparency and mainly brittleness, i.e., inferior tensile and
transmittances of NCI0ORm gels slowly decreased with  compressive strength.
increasingm, and consequently, the NCX®R5 gel still (6) It was hypothesized that microcomplex structures may

retained a fairly high transparency & 68%), although the be formed due to the preferential distribution of BIS to the
NC10 and the OR5 gels were transparent and opaque, respecimmediate vicinity of the clay platelets in the reaction solution.
tively. This was confirmed by the reduced increase in the viscosity of
(3) In the tensile tests, NE-ORm gels generally proved to  aqueous clay solutions with retention time. The formation of
be very weak and brittle, like OR gels, almost regardless of microcomplex structures may also be related to the formation
n or m. This indicates that the chemical cross-links dispersed of clay-brush particles during NEOR gel synthesis.
in a co-cross-linked network are a major factor in determining
the tensile properties of NEOR gels. With regard to the initial Acknowledgment. We thank Mr. E. Elliott for his technical
tensile moduli, large increases compared to the sum of the valuesassistance and Ms. J. Sano and Mr. S. Matsumoto for the TEM
of the corresponding N€ and ORn gels were observed, measurements. This work was partially supported by NEDO,
particularly in NGi—ORm gels with highn andm. The abnormal Japan.
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