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Microphase separation in nanocomposite gels
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Microphase separation in poly(N-isopropylacrylamide)(PNIPA)-clay nanocomposite hydrogels (NC gels) is
investigated by means of contrast-variation small-angle neutron scattering (CV-SANS) and dynamic light
scattering (DLS). By using CV-SANS, it is revealed that microphase separation occurs in NC gels above the
lower-critical solution temperature (LCST) of PNIPA aqueous solutions. The observed partial scattering func-
tions show that only the spatial distribution of PNIPA chains is highly distorted by microphase separation and
PNIPA chains are preferentially adsorbed on the clay surfaces, where the PNIPA-rich phase forms nanoscaled

bicontinuous structure mediated by the clay particles. Additional DLS measurements for dilute solutions with
PNIPA and/or the clay nanoparticles confirm that aggregation of PNIPA above the LCST is dramatically
suppressed by addition of clay particles. Based on these observations, we conclude that strong affinity between
the polymer and clay has a significant effect on the phase separation in NC gels and allows one to tune the
length scale of the phase separation phenomenon by clay concentration.
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Incorporating nanoparticles into polymer matrix is an ex-
tensive subject in material sciences, since polymer nanocom-
posites (PNCs) have various advantages in the mechanical
properties [1], functional capabilities [2,3], etc. From a fun-
damental point of view, such a combination of nanoparticles
and polymers offers various phase behaviors. For example,
polymer matrices swell by simply dispersing the nanopar-
ticles into them [4], although they remain unchanged in some
cases [5]. In an enthalpically dominated system, where the
polymer chains are strongly adsorbed on the multiple par-
ticles, a bridging-induced “network”-like phase is formed
[6]. In the case of block-copolymers which undergo mi-
crophase separation into spatially periodic mesophases, hier-
archically and rigidly ordered structures of the PNCs can be
formed by self-assembly of both nanoparticles and block-
copolymers [7,8]. Note that some nanoparticles are used as
surfactants to stabilize bicontinuous structures in polymeric
systems [9,10]. As mentioned above, a new type of phase
behaviors is expected for PNCs by utilizing the affinity, or
self-assembling nature of nanocomposites, or even by simply
dispersing nanoparticles into the matrix.

A polymer gel is a three-dimensional network formed by
chemical or physical cross-linking. Due to the connectivity,
it shows phase behaviors different from those in bulk
melt or in solution. Recently, a new type of nanocomposite
hydrogel ~(NC  gel) was  synthesized, = where
poly(N-isopropylacrylamide) (PNIPA) acts as a polymer ma-
trix and discotic clay nanoparticles act as multifunctional
cross-linkers in aqueous solutions [11]. It shows many nov-
elties about mechanical properties, optical transparency, ex-
tent of volume change, etc. It is known that PNIPA in water
shows a lower-critical solution temperature (LCST) at ca.
33 °C [12]. The discotic clays are well studied nanocolloids
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which have a large aspect ratio (the diameter and the thick-
ness being 20-30 nm and 1 nm, respectively) with aniso-
tropic charge densities (negative charge on the faces and
slightly positive charge on the edges). According to the pre-
vious studies, it was suggested that each clay platelet in NC
gels was covered by a thin polymer layer due to a hydrogen
bonding between them [13]. The novel properties of NC gels
can be successfully explained by this structure. So far, phase
separation in NC gels with different clay concentrations was
studied in terms of transmittance change and swelling/
deswelling behavior, and it was suggested that the phase
separation of PNIPA was controlled (depressed) in NC gels
with clay concentration [ 14]. However, the microstructure of
the NC gel above the LCST has not been elucidated. There-
fore, we will present in this Rapid Communication how the
affinity between the PNIPA and the clay particles influences
the phase separation of the gels depending on the clay con-
centration by means of contrast-variation small-angle
neutron-scattering (CV-SANS) measurements.

NC gels were synthesized by in situ free radical polymer-
ization of N-isopropylacrylamide (NIPA) monomer in the
presence of the synthetic clay Laponite XLG
([Mgs 34Lig 660S13020(OH) 4 ]Nag 660) by using potassium per-
oxodisulfate and N, N, N', N'-tetramethylethylenediamine as
initiator and catalyst, respectively. The details of sample
preparation are described elsewhere [13]. In this study, the
NC gels were prepared with keeping the same NIPA content
(Cnipa=1.0 M), and the clay concentration, Celay» Was
varied from 0.02 up to 0.20 M. Hereafter, the clay
concentration in NC gels is abbreviated as NCx, where x is
Ce1ay[M]X 100, e.g., NC15 gels mean the clay content with
Celay=0.15 M.

Small-angle neutron scattering (SANS) measurements
were conducted at SANS-U diffractometer of the University
of Tokyo located at JRR-3 research reactor of Japan Atomic
Energy Agency in Tokai, Japan. The incident wavelength
was 7.0 A and the wavelength distribution was ca. 10%

[15].
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FIG. 1. Scattering curves of NCI15 gels showing temperature
dependence of NC gels with three different solvent compositions,
dp2o=(a)1.00, (b) 0.660 (close to clay matching point), and (c)
0.216 (polymer matching point). The solid curve in (c) represents
the form factor of the disk-shaped clay particles.

In the case of NC gels, on the incompressibility assump-
tion, the scattering intensities can be described with partial
scattering functions (PSFs) S;(¢) as follows,

1(q) = Ap;Sp(q) + 28p,ApcSyc(q) + Ap2See(q), (1)

where ¢ is the scattering wave number. S,,(¢) and S .(¢) are
the self-terms of polymers and clays, respectively, and S,,.(¢)
is the cross term reflecting the cross-correlation between
polymers and clays in NC gels. Ap; is the scattering contrast
between the component i and solvent, where i=p or ¢ indi-
cates polymers and clays, respectively.

The scattering length density of the aqueous solution can
be easily tuned by varying the volume fraction of deuterium
oxide, ¢pro. We carried out CV-SANS experiments with
three different scattering length densities of the aqueous so-
lutions, i.e., ¢pro=1.00, 0.660 (close to the clay matching
point), and 0.216 (close to the polymer matching point) [16].
Then, the obtained intensities were uniquely decomposed
into the PSFs according to Eq. (1). The temperature-induced
phase separation of NC gels was investigated at 20, 34, 40,
and 50 °C for each sample. It is known that deuterium sub-
stitution of aqueous solution affects the LCST of NIPA gels
[17]. CV-SANS is only applicable to the systems having
identical structure. Therefore, we applied CV-SANS tech-
nique only to SANS experiments at a temperature far above
LSCT, i.e., at 50 °C, where the structure difference due to
isotope effect was negligible. The aggregation behavior of
PNIPA above the LCST in dilute aqueous solutions with or
without the clay nanoparticles was also studied by dynamic
light scattering (DLS) with an ALV5000 static/dynamic
(SLS/DLS) apparatus, ALV, Germany, at a fixed scattering
angle of 90°.

Figure 1 shows the temperature dependence of the scat-
tering intensities for NC15 gels (x=15) consisting of differ-
ent D,O concentrations, ¢p,q. Figure 1(a) exhibits the scat-
tering curves with ¢prp=1.00, which include the
contribution of all the PSFs, S,,(¢), Sy.(¢), and S..(¢) in Eq.
(1). At 20 °C, which is below the LCST of PNIPA, no char-
acteristic peak was observed in the scattering curve. How-
ever, at 34 °C, which is above the LCST, a scattering peak
appeared around at ¢~ 0.015 A~!, which gradually shifts to
the lower ¢ by further heating. This suggests the occurrence
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of microphase separation in the NC gels with a Bragg’s spac-
ing, dgy,g,, Of about 420 A. The physical origin of the peaks
is explored in detail by using contrast matching and
CV-SANS methods.

Figure 1(b) shows temperature dependence of the scatter-
ing intensities of NC15 gels with ¢p,0=0.660 where the
clay structure is less visible. A similar temperature depen-
dence of the scattering curves as shown in Fig. 1(a) is ob-
served, which means that PNIPA undergoes microphase
separation. The peak positions in Fig. 1(b) are roughly the
same as those in Fig. 1(a). In a high ¢ region, the scattering
curves superimpose each other with an asymptotic ¢~* be-
havior, indicating a formation of sharp boundary in the mi-
crophase structure (Porod’s law) [18].

Figure 1(c) shows temperature dependence of the scatter-
ing intensities of NC15 gels with ¢p,0=0.216, where the
polymer is invisible and the clay structure is exclusively ob-
served. Quite interestingly, the scattering curves do not
change at all irrespective of temperature. This result means
that neither interclay distance nor clay orientation was dis-
torted by microphase separation. The solid curve in Fig. 1(c)
represents the form factor of disk-shaped clay particles in the
absolute intensity scale. As shown in the figure, the observed
scattering intensity is significantly suppressed at low g re-
gion in comparison with the calculated form factor. This sup-
pression is due to a repulsive interparticle interaction be-
tween clay platelets, which means that they do not aggregate.
In addition, the fact of the asymptotic ¢~ behavior at high ¢
region means that the clays are dispersed randomly in the
gels.

From the above arguments, it is conjectured that the mi-
crophase separation observed in Fig. 1(a) originates from
aggregation of the PNIPA chains, while it does not influence
the orientation and the interparticle distance of the clay par-
ticles. For further analysis of the PNIPA structure above the
LCST, we derived the PSFs of polymer-clay cross term,
Spe(g), at 50 °C by using CV-SANS, which was obtained by
the decomposition of the three different scattering intensities
with different D,O volume fractions, i.e., ¢pro=1.00, 0.660,
and 0.216, as shown in Fig. 1 into the PSFs. The details of
the procedure are described elsewhere [13].

Figure 2 shows the decomposed PSFs of the self-term, the
polymer-polymer S,,,(¢), and the clay-clay S..(¢), as well as
the cross term, polymer-clay S,,.(¢), at 50 °C. The shapes of
the S,,(¢) and S .(¢q) were very similar to the corresponding
scattering intensities with ¢p,=0.660 and 0.216, respec-
tively. Hirokawa et al. [19] investigated phase separated
structures of a PNIPA gel cross-linked with organic mol-
ecules. It was revealed by laser scanning confocal micros-
copy (LSCM) that there was a micron-order bicontinuous
structure in a PNIPA gel. As shown in Fig. 2 (inset), the
Fourier transformed image (solid circles) of the LSCM result
is quite similar to S,,,(¢) of NC15 (open circles). Therefore, it
is considered that the PNIPA in the NC gels also form a
bicontinuous structure, although the scale of the phase sepa-
ration in NC gels is about 100 times smaller.

Spe(q) in Fig. 2 also has a peak (¢~0.0146 A1), which
appears at the same position as that of S,,,(¢). This suggests
that the characteristic distance of polymer-clay is the same as
that of polymer-polymer. As a matter of fact, S,.(¢) can be
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FIG. 2. PSFs for NC15 gels of the self-terms, Sp,,(g) and S..(¢),
and the cross term, S,,.(¢), at 50 °C decomposed from the scattering
curves in Fig. 1. The solid curve is the square root of the product of
Spp(q) and S.(g). Inset: comparison of scaled scattering curves
Spp(@)/ Spp(@max) VS q/qmax between NCI15 gels (this study) and
PNIPA gels (obtained by Fourier transform of the LSCM image and
reproduced from Ref. [19]).

well reproduced by the square root of the product of S,,(q)
and S..(g), as shown by the solid curve in Fig. 2, which
indicates that the polymers and the clays are strongly corre-
lated. Moreover, it is noteworthy that the S,.(¢) has a posi-
tive sign in this g region. These experimental results suggest
that a significant amount of the PNIPA was adsorbed on the
clay surface [13]. In Ref. [20], it was reported that addition
of nonionic NIPA monomers to the ionic clay solution de-
creased the viscosity where the NIPA monomers are ad-
sorbed on the clay surfaces due to hydrogen bonding be-
tween NIPA monomer and clay and screened the electrostatic
double layer of the clay. Hence, NIPA monomer itself has an
attractive interaction with clay. On the other hand, in case of
the NC gels, the PNIPA chains have a tendency to aggregate
themselves above the LCST [12]. As a result, the aggregated
PNIPA chains are preferentially adsorbed on the clay surface.
By taking into account of the analogy between NC gel and
the LSCM observation of PNIPA gel, it is conjectured that a
bicontinuous microdomain structure is formed with polymer-
rich network mediated by dispersed clay platelets. The peak
shifts toward low ¢ region by increasing temperature shown
in Fig. 1(b) is therefore attributed to a deeper phase separa-
tion of the bicontinuous structure due to stronger adsorption
onto the clay surfaces.

Figure 3 shows the clay concentration dependence of
Spp(q) for NCx gels obtained by CV-SANS at 50 °C. The
scattering curves are fitted by Teubner-Stery (TS) scattering
function which originally represents the scattering curves for
bicontinuous structures consisting of oil/water/surfactant mi-
croemulsions [21], where 1(g) ~ 1/(a,+c,q*+c,q*), with the
periodic length dps=27(0.5(a,/c,)*3-0.25(c,/cy)1™* and
the correlation length &pg=[0.5(ay/c)* +0.25(c;/ ;)]0
The TS function well reproduces the experimental results
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FIG. 3. Clay concentration dependence of S,(¢) obtained by
SANS at 50 °C. The solid curves are fitting curves obtained by TS
scattering function. Inset: clay concentration dependence of (left)
drs (open circle), érg (open square), and d,y, (solid curve), and
(right) drg/ érs (solid circle). The broken line represents the con-
stant value 2 (right).

except for low g region where the TS function has a ten-
dency to give excess intensities. This may be due to a lower
osmotic compressibility of the gels originating from the elas-
ticity of the connectivity inside the gels in comparison with
that of microemulsions. From the fitting, we can estimate drg
and &rg, which are shown in the inset of Fig. 3. The periodic
length, drs, was tuned from 360 A (at x=20) to 1110 A
(at x=2) by changing the clay content, i.e., x. Note that
drs=390 A (at x=15) is close enough to the value of
e =420 A (at x=15). In addition, the value of drs/&rs
does not depend on x and is rather a constant around 2. This
is characteristic of bicontinuous structures [22]. The clay-
clay distance, dj,y, for random dispersion in three dimen-
sions is estimated to be d,,=642x""3 A. As shown in the
inset of Fig. 3, dy,y is less than drg, which also suggests the
evidence of the bicontinuous structures where the adjacent
clay particles are included together in the polymer-rich
phase. It was experimentally observed in this work that the
value of d,, keeps close to that of &rg. It is noteworthy that
the NC gels showed a large volume shrinkage at low clay
concentrations (i.e., x=6), although they show less volume
shrinkage at high clay concentration (x=15) due to steric
hindrance of clay particles. This may be the reason why a
deviation from an asymptotic behavior, d,,,,>x~""3, occurs at
low clay concentrations.

The above-mentioned phenomena may be explained in
terms of a specific interaction between the clay and the poly-
mer. To clarify the presence of specific interaction between
the clay and the PNIPA above the LCST, we investigated
temperature dependence of hydrodynamic radius by DLS
with three different solutions, i.e., PNIPA (0.03 wt %,
M,,=35 000, and M,/ M,=1.35), clay (0.0319 wt %), and a
mixture of the PNIPA and the clay at equal molar condition,
where the molar ratio of the polymer and the clay was equal
to that of NCI15 gels. Figure 4 shows temperature depen-

lay
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FIG. 4. Temperature dependence of the hydrodynamic radius
with three different solutions, 0.03 wt % PNIPA (open circle),
0.0319 wt % clay (open rhombus), and the mixing at equal molar
condition (solid triangle).

dence of the hydrodynamic radius obtained by DLS via
Stokes-Einstein equation. The obtained hydrodynamic radius
of the clay particle was 160 A and was not dependent on
temperature. The hydrodynamic radius of the PNIPA solu-
tion, on the other hand, was 54 A at 20 °C, which is very
close to the radius of the single polymer chain. Above the
LCST, however, the hydrodynamic radius increased to
2620 A at 50 °C. This means that the PNIPA chains discon-
tinuously aggregate due to the hydrophobic interaction. On
the other hand, the hydrodynamic radius of the mixed solu-
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tion was 173 A at 20 °C, which is almost the same with the
clay radius. By heating the solution up to 50 °C, the radius
slightly increased up to 188 A, probably due to local adsorp-
tion of PNIPA chains in the vicinity of the clays.

In conclusion, the microscopic structure of the NC gels
above the LCST was studied by SANS. Contrast matching
SANS confirmed that NC gels undergo microphase separa-
tion, where the domain sizes are in the range of several hun-
dred angstroms depending on the clay concentration, while
the local structures of clay are unchanged. In addition, CV-
SANS clearly showed that the PNIPA chains are strongly
adsorbed on the clay particles above the LCST. The specific
attractive interaction between the clay and the polymer trig-
gers the phenomenon, which was also confirmed by DLS
measurements; i.e., the aggregation size of PNIPA was
largely depressed by adding clay particles.
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