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Probe-SAXS on hydrogels under elongation

In order to evaluate the cross-linking inhomogeneity in polymer
networks, we introduced nano-particles which do not interact
with polymers and conducted SAXS under elongation. We
succeeded in observing the sharp correlation peak of the high
cross-linking region.
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We have investigated the effect of polymer/filler interaction on the displacements of silica nanoparticles
in gels by introducing them into poly(N,N-dimethylacrylamide) gel (PDAM-NP gel) and polyacrylamide
gel (PAM-NP gel). It is well known that PDAM chains are strongly adsorbed onto silica nanoparticles,
while PAM chains are not. We carried out SAXS measurements on these gels under uniaxial elongation.
Interestingly, we found that the SAXS scattering profiles of PDAM-NP and PAM-NP gels were totally
different. A four-spot pattern was observed in the 2D structure factors of the PDAM-NP gel and was

Received 8th March 2016, assigned to the movement of the nanoparticles in an affine way. On the other hand, as for the PAM-NP

Accepted 29th April 2016 gel, a sharp peak was observed in the much lower g region than the prediction of affine deformation,
indicating that the peak corresponds to the correlation peak of the high cross-linking region. These

experimental findings may lead to the development of “probe-SAXS”, which is a new technology for
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1 Introduction

Hydrogels are soft elastic solids and contain a large portion of
water. By taking advantage of the high water absorption and elastic
properties, hydrogels are applied to many kinds of industrial
products such as diapers, drug reservoirs, and contact lenses.
Though hydrogels have these characteristic properties, their
industrial application is still limited due to their low mechanical
strength. Because this low mechanical strength is related
to cross-linking inhomogeneity, the relationship between the
network structure and mechanical properties has been investi-
gated in order to toughen hydrogels by scattering experiments, ™
AFM,*® microrheology,”® and other techniques.'®'" However,
this relationship is still unrevealed because no decisive method
for detecting the inhomogeneity is well-established.

One of the most effective methods to enhance the mechan-
ical properties of inhomogeneous hydrogels is the introduction
of fillers to polymeric materials such as carbon blacks,? silica
particles,"® carbon nanotubes'*'® and inorganic clays.*® It is well
known that the mechanical performance is remarkably enhanced
by the introduction of fillers because of the interaction between
fillers and polymers. Therefore, a proper and better understanding
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detecting nano-order inhomogeneity in hydrogels.

of the interaction between fillers and polymers is necessary not
only from a basic science point of view but also from an
industrial point of view.

Among the above mentioned fillers, hydrogels with silica
nanoparticles offer a distinct advantage of simplicity to study
the filler effect on mechanical properties. Because of their
simplicity, nanocomposite hydrogels with silica nanoparticles
have been well studied.””* Lin et al. and Rose et al. showed an
enhancement of mechanical properties by introducing silica
nanoparticles into poly(N,N-dimethylactylamide) (PDAM) gel.'”*%*!
On the other hand, Lin et al. also reported that the introduction of
silica nanoparticles into the polyacrylamide (PAM) gel does not
lead to any significant reinforcement in the mechanical properties
in contrast to the PDAM gel.'® This difference seems to be
ascribed to the difference in the adsorption of polymers onto
silica nanoparticles. Rose et al. introduced silica nanoparticles
into the P(AM-co-DAM) gel and investigated the interaction
between the polymer and silica nanoparticles.”* Using dynamic
scattering experiments, they showed that there existed an adsorp-
tion layer of PDAM onto silica nanoparticles, while no adsorption
of PAM occurred. However, it remains unclear how the difference
in the polymer/filler interaction affects the deformation mecha-
nism of nanocomposite hydrogels. We believe that it is important
to know the effect of the difference in the polymer/filler inter-
action on the internal structure of nanocomposite hydrogels in
order to understand the filler effect.

Thus, in this study, we conducted small-angle X-ray scattering
on PDAM-NP and PAM-NP gels under elongation to elucidate the
effect of polymer/filler interaction on the deformation mechanism
of nanocomposite gels. In SAXS experiments, we found that
the SAXS scattering profiles of PDAM-NP and PAM-NP gels are

This journal is © The Royal Society of Chemistry 2016
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totally different. Furthermore, we unexpectedly observed a
sharp peak for the PAM-NP gel in the very low-g region, which
may correspond to cross-linking inhomogeneity.

2 Experiment
2.1 Materials

Acrylamide (AM, Wako), N,N-dimethylacrylamide (DAM, Wako),
potassium persulfate (KPS, Sigma Aldrich), N,N,N’ N'-tetramethyl-
ethylenediamine (TEMED, Sigma-Aldrich), and N,N'-methylenebis-
(acrylamide) (BIS, Sigma Aldrich) were used as received. Silica
nanoparticles (Ludox TM-50 from Dupont) were obtained from
Sigma Aldrich. In our preliminary SAXS experiments on a dilute
solution of TM-50, the mean radius of nanoparticles was
estimated to be ~130 A.

2.2 Sample preparation

The compositions of the hydrogels are summarized in Table 1.
The molar ratio of monomer to [TEMED] and to [KPS] was fixed
at 100/1. The cross-linking density was also kept constant as a
cross-linker/monomer molar ratio of 3 M/1.5 mM. The amount
of silica particles was fixed at 20 wt%. A certain amount of KPS
was dissolved in 2 ml deionized water. Separately, certain amounts
of silica suspension, monomer, TEMED and BIS were dissolved in a
certain amount of water. All solutions were deoxygenated by bub-
bling nitrogen for 15 min and degassed by vacuuming. This vacuum
state was maintained just until initiating free-radical polymerization.
The polymerization was initiated by mixing two solutions under
nitrogen conditions at room temperature and the mixture was
transferred into fluorine-containing rubber molds which have a
dumbbell shape standardized as JIS K 6261-7 sizes (1 mm thick).

2.3 SAXS experiments

SAXS measurements were carried out at the BLO3XU beamline
(Frontier Softmaterial Beamline (FSBL)) at SPring-8 that is
located in Sayo, Hyogo, Japan. For the PDAM-NP gel, a mono-
chromated X-ray beam with a wavelength (2) of 1.5 A was used
to irradiate the samples at room temperature, and the sample-
to-detector distance was set at 4 m. The scattered X-rays were
counted using an imaging plate detector (R-AXIS VII++, Rigaku
Corporation, Japan) with 3000 x 3000 pixel arrays and a pixel
size of 0.1 mm pixel . For the PAM-NP gel with TM-50, we used
X-ray beams with a wavelength (1) of 1.0 A and 1.5 A for the
imaging plate detector and a CCD camera, respectively. In each
measurement, the samples were placed on a uniaxial stretching
machine, where the sample strain was measured.

In general, the SAXS intensity of particle systems is
described by*®

1(g) = IoP(9)S(q) (1)

Table 1 Composition of nanocomposite hydrogels

Silica weight

Sample name fraction wwater/g wsilica/g wMBA/g wmonomer/g
PAM-NP gel 0.2 10 4.63 2.3 2.132
PDAM-NP gel 0.2 10 4.33 2.3 2.974
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where I, ¢, P(¢), and S(q) are the zero-angle scattering intensity,
the scattering vector, the form factor and the structure factor,
respectively. Note that scattering intensities of nanocomposite
gels are more than 100 times higher than that of pure hydrogels
without nanoparticles because the scattering length density of
silica nanoparticles is much larger than that of polymers (data
not shown). Thus, we assumed that scattering from polymers is
negligibly small in the scattering profiles of nanocomposite gels
and only silica particles contribute to the scattering profiles of
nanocomposite hydrogels. On the basis of these results, in order to
obtain the structure factors of gels, we carried out SAXS experi-
ments on a dilute solution of nanoparticles and the scattering
profiles of nanocomposite gels were divided by that of the dilute
solution of nanoparticles followed by the multiplying by a
normalized constant so as to meet S(¢) = 1 in the high-g region.

3 Results and discussions

Let us start from the SAXS data of PAM-NP and PDAM-NP gels
in an unstretched state. The structure factors for PAM-NP and
PDAM-NP gels in the unstretched state are shown in Fig. 1(a).
The 2D scattering profiles are shown in the insets. In order to
evaluate the pair distribution function (PDF), we cut the data in
the low-q region and put the constant values based on extra-
polation of structure factors. This treatment corresponds to the
removal of parasitic scattering or disregard large aggregation
which is out of our experimental range. As shown in Fig. 1(a),
the structure factor of the PAM-NP gel is very different from that
of the PDAM-NP gel. We calculated the PDFs for gels from the
above structure factors in order to analyze the distribution of
nanoparticles in gels by using the following equation.>®

00 2
) =1+ 5| daatsto) - Dsinanexn (1) @)

0

Here, po is the number density of nanoparticles. The last
exponential term is a window function to remove the termina-
tion ripples. ¢ is the standard deviation and we set this value
as ¢ = gmax/2 by following the previous work.”® The PDFs of
PAM-NP and PDAM-NP gels are shown in Fig. 1(b). We observed
large positive and negative values in PDFs near r = 0, which
seems to be derived from the finite g-range in experimental data.
In the case of the PDAM-NP gel, we observed two peaks at 250 A
and 440 A. When we take into account the fact that the radius of
nanoparticles is ~130 A, the peak at 250 A indicates that some
nanoparticles are in direct contact with each other. The peak at
440 A may correspond to the distances between nanoparticles
which are homogeneously dispersed. As for the PAM-NP gel, a
strong peak can be observed at 300 A. If we assumed that all
nanoparticles are homogeneously dispersed in the gel, the
distance between nearest neighbor particles is calculated to
be 306 A. Thus, this result indicates that nanoparticles in the
PAM-NP gel are homogeneously dispersed in the system without
disturbing the system, such as local aggregation due to depletion
condensation, and the peak at 300 A corresponds to the distance
between nearest neighbor particles.

Soft Matter, 2016, 12, 5334-5339 | 5335
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Fig.1 (a) 1D plot of structure factors for unstretched gels. The 2D

scattering intensity profiles are shown in the insets. (b) The pair distribution
function (PDF) for unstretched gels. The PDF was evaluated from the
structure factors using eqn (2).

The 2D structure factors of the PDAM-NP gel for stretched
states are plotted in Fig. 2(a). An anisotropic structure factor is
observed when the gel is stretched. In order to show the low-q
region in detail, a magnified figure of Fig. 2(a) is plotted in the
vicinity of the beam center in Fig. 2(b). As shown in Fig. 2(b),
we observed a four-spot pattern. Rose et al. conducted SANS
experiments in detail on a system (PDAM-NP gel) similar to our
work.”* However, they did not observe such a four-spot pattern
but an “abnormal butterfly pattern”. This difference may be ascribed
to the fact that the polymer concentration of the PDAM-NP gel in the
previous work® was half that of our experiment and the four-spot
pattern was frequently observed in polymerrich nanocomposite
polymer networks such as elastomers and rubbers.””° As discussed
in previous work,””*° with regard to the origin of this four-spot
pattern it is considered that some long aggregates buckle under
the lateral compression, or the space in the direction perpendi-
cular to the stretching between two aggregates is filled up by
another aggregate that is forced between them.?” On the other
hand, the 2D structure factors of the PAM-NP gel (/1 = 1.29) are
completely different from those of the PDAM-NP gel as shown
in Fig. 2(c). Note that we use X-rays with a wavelength of 1.0 A
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Fig. 2 2D structure factors of gels. (a) 2D structure factors of the PDAM-NP
gelat 2 = 2.03. (b) A magnified view of (a) in the vicinity of the beam center.
(c) 2D structure factors of the PAM-NP gel at 4 = 1.29. (d) A magnified view
of (c) in the vicinity of the beam center.

for obtaining these results. In the intermediate range, we observed
a symmetric ring pattern. In the vicinity of the low-g limit, on the
other hand, we could not observe a four-spot pattern, but two-spot
patterns in Fig. 2(d), which is a magnified figure of Fig. 2(c) in
the vicinity of beam center. These peaks seem to appear in the
much lower g-region than the theoretical prediction of affine
deformation of nanoparticles. In addition, we observed similar
two-spot patterns by using a different type of silica nanopaticles
as discussed in Fig. S1 (ESIT). These results indicate that these
two-spot patterns are highly reproducible and can be observed
regardless of the type of silica nanoparticles and reflect the
network structure of the PAM gel itself.

In order to discuss the sharp peaks in detail, we carried out
SAXS measurements on a stretched PAM-NP gel using X-rays
with a wavelength of 1.5 A (Fig. 3). The sharp peaks can be
observed more clearly than Fig. 2(d). Fig. 3(b) shows the slice
images of the 2D structure factors of the PAM-NP gel at different
stretching ratios in the direction parallel to the stretching.
As shown in Fig. 3(b), the peak becomes more intense and
the g-values of peak tops gy peak decrease as the stretching ratio
increases. These results suggest that the distance between
nanoparticles becomes systematically larger as the stretching
ratio increases.

We evaluated the distances between nanoparticles (dpeak)
from the peak position (gy pear) in the low-g region, such as
dpeak = 2T/qy peak- The solid and dotted lines shown in Fig. 4 are
theoretical lines calculated for affine deformation in the direc-
tion parallel to the stretching for PAM-NP and PDAM-NP gels,
respectively. As for the evaluation of gy pcax for the PDAM-NP gel,
we focused on the distance between nanoparticles which are not
directly attached to each other and homogeneously dispersed

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) 2D structure factors of the PAM-NP gel at 1 = 1.28. This pattern
was recorded by using a CCD detector and the X-ray wavelength used was
1.5 A. (b) Structure factors of the PAM-NP gel studied at different strtching
ratios in the direction parallel to stretching.
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Fig. 4 Stretching ratio dependence of the interparticle distances evalu-
ated from g, peak in the direction parallel to stretching. The solid and dotted
lines shown are theoretical lines calculated for affine deformation in

the direction parallel to the stretching for PAM-NP and PDAM-NP gels,
respectively.

in the system. Furthermore, we used the y-coordinates of the
peaks in the four-spot pattern in the same way as used in the
previous studies.”®*® As shown in Fig. 4, nanoparticles move in
an affine way in the case of the PDAM-NP gel. However, in the

This journal is © The Royal Society of Chemistry 2016

View Article Online

Soft Matter

case of the PAM-NP gel, dj,c.k systematically increases but is
remarkably larger than the prediction of affine deformation.
This discrepancy cannot be understood if we assume that this
peak corresponds to the correlations between the nearest
neighbor particles.

In order to understand the origin of this peak, we depicted a
schematic illustration of the deformation mechanism inside
the PDAM-NP and PAM-NP gels. As shown in Fig. 5, some
nanoparticles in the PDAM-NP gel are in direct contact
with each other before stretching. When the PDAM-NP gel is
uniaxially stretched, nanoparticles which are not in direct
contact with each other move in an affine way. On the other
hand, in the case of the PAM-NP gel, all nanoparticles are
homogeneously dispersed in the system in the unstretched
state although there may inherently exist cross-linking hetero-
geneity in the gel. When the PAM-NP gel is stretched, high
cross-linking regions are hardly deformed, while low cross-
linking regions are thought to be largely deformed. Thus, the
difference in nanoparticle density between high cross-linking
regions and low cross-linking regions increases and high cross-
linking regions are exaggerated with the increase in the stretching
ratio as depicted in Fig. 5. The peaks observed for the PAM-NP
gel in our SAXS experiments correspond to the correlation of
high-cross-linking density regions.

According to previous works,"”"**"?? the introduction of
silica nanoparticles into the PAM-NP gel does not lead to any
significant effect on the mechanical properties, such as elastic
modulus, hysteresis and fracture toughness, while the introduc-
tion of silica nanoparticles into the PDAM-NP gel largely increases
the mechanical properties of the hydrogel. This difference can be
ascribed to the difference in the interaction between polymers
and silica nanoparticles. By conducting dynamic light scattering
experiments on the NP-loaded P(AM-co-DAM) gel, Rose et al.
showed that there exists an adsorption layer of PDAM onto silica
nanoparticles, while no adsorption of PAM occurs.>? By taking
into account these results, each nanoparticle can move in an

PDAM-NP gel

Before Stretching After Stretching

- %
°©  8—o_
3 o

PAM-NP gel

Before Stretching

After Stretching

8-gn

Fig. 5 Schematic images for the stretching mechanism of PDAM-NP and
PAM-NP gels. The small circles and large hatched circles denote silica
particles and high cross-linking regions, respectively.

High cross-linking region
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affine way when the polymer/filler interaction is strong and
polymers chains are adsorbed onto the fillers such as the
PDAM-NP gel and ordinary rubber. On the other hand, the cross-
linking inhomogeneity can be clearly reflected in the displacements
of nanoparticles under stretching when the polymer/filler
interaction is weak and polymer chains are not adsorbed on
the fillers such as the PAM-NP gel. According to classical
theories of rubber elasticity such as an affine model,*
the magnitude of the deformation of all polymers is assumed
to be derived from the macroscopic strain in an affine way.
However, the above experimental results clearly indicate that
the deformation of polymer strands is more complicated than
the assumption of an affine model due to the cross-linking
inhomogeneity.

This experimental finding may lead to the establishment of
the “probe-SAXS” method, which is a method for evaluating
cross-linking inhomogeneity in rubbers and gels. Stated in
another way, by introducing nanoparticles without disturbing
the system, such as local aggregation due to depletion condensa-
tion, in the same way as microrheology”**** and conducting SAXS
experiments under uniaxial elongation, we are able to system-
atically evaluate cross-linking inhomogeneity in the polymeric
materials and investigate the correlation between cross-linking
inhomogeneity and mechanical properties.

4 Conclusion

We conducted SAXS measurements on PDAM-NP and PAM-NP
gels under uniaxial elongation and evaluated 2D structure
factors. Interestingly, we found from SAXS measurements that
the SAXS scattering profiles of PDAM-NP and PAM-NP gels
are totally different. A four-spot pattern was observed for the
PDAM-NP gel as in the case of nanocomposite elastomers and
rubbers, while sharp peaks were observed in the direction
parallel to stretching in the very low-q region for PAM-NP
gel. We evaluated stretching ratio dependence of interparticle
distances from these scattering peaks and found that nano-
particles in the PDAM-NP gel move in an affine way. However,
in the case of the PAM-NP gel, the interparticle distances from
scattering peaks are much larger than the theoretical prediction
of affine deformation of nanoparticles. This is because the
scattering peak in the case of the PAM-NP gel does not corre-
spond to the correlation peak of individual particles but to the
correlation peak of the high cross-linking region. In order to test
this hypothesis, 2-dimensional pair distribution function analysis
and 2-dimensional reverse Monte Carlo simulation must be
useful, which will be investigated in our future work.
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