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X-ray photon correlation spectroscopy (XPCS) of swollen rubber containing
spherical silica nanoparticles is reported. It is shown that irradiation by intense
X-rays leads to the breakdown of cross-links, thereby inducing the local
rearrangement of silica nanoparticles. This rearrangement process depends
on the cross-link density and is characterized by a compressed exponential
relaxation with aging behaviour, which resembles a common feature of complex
fluids observed with XPCS.

© 2015 International Union of Crystallography

1. Introduction

The interplay between microscopic structure and bulk visco-
elasticity of colloidal suspensions has received considerable
attention (Mewis & Wagner, 2012; Sonn-Segev et al., 2014).
The presence of nanoparticles in polymeric matrices signifi-
cantly influences their mechanical and viscoelastic properties
(Guth, 1945; Kluppel, 2003; Oberdisse, 2006; Balazs et al.,
2006). This so-called reinforcement effect is indispensable for
utilizing nanocomposites in daily life, and hence under-
standing its physical picture has been a subject of research
(Witten et al., 1993; Baeza et al., 2013; Nusser et al., 2013;
Pérez-Aparicio et al., 2013). So far, a detailed mechanism of
the effect considering microscopic structure and dynamics has
yet to be rationalized. We thus aim to explore the relationship
between its microscopic spatio-temporal structure and bulk
viscoelastic and mechanical properties. X-ray photon corre-
lation spectroscopy (XPCS) has been used for elucidating
microscopic slow dynamics in hard and soft condensed matter
(Leheny, 2012; Sutton, 2008). Speckle patterns observed in
XPCS measurements directly reflect the electron-density
distribution without averaging, hence is utilized for observing
local microscopic dynamics for various systems. When applied
to filled rubber, XPCS offers information about the micro-
scopic dynamics of the nanoparticles (Ehrburger-Dolle et al.,
2012; Shinohara et al., 2010a, 2012).

Most XPCS studies of complex fluids report that the
intensity—intensity correlation function, g®(q,), shows a
compressed exponential behaviour, g®(q,t) = 1 +
Bl exp[—(¢/7)"]|, with the exponent p being larger than unity
(Cipelletti & Ramos, 2005). Here, T and B represent the
relaxation time and the contrast factor, respectively. As a
physical picture of this compressed exponential behaviour,
there are two leading hypotheses (Madsen et al, 2010): a
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continuous-time random walk model (Caronna et al., 2008)
and a stress response to the relaxation of local stress model
(Bouchaud & Pitard, 2001); still, the physical picture is not
clear.

Another common feature observed in XPCS measurements
of complex fluids is aging. Systems showing compressed
exponential relaxation commonly show an aging behaviour
(Bandyopadhyay et al., 2004; Fluerasu et al., 2007). A previous
study on the dynamics of nanoparticles in uncross-linked
rubber shows that the local stresses accompanying the mixing
process of silica and rubber polymers induce this aging
behaviour (Shinohara et al., 2010a). A recent heterodyne
XPCS study of elongated rubber also shows aging behaviour
with a compressed exponential relaxation (Ehrburger-Dolle et
al.,2012). Aging has been a subject in many systems (Gotze &
Sjogren, 1992; Bouchaud et al., 1996) and many studies have
been conducted. Dynamical heterogeneity has emerged as a
key concept for understanding the peculiar dynamics (Ediger,
2000; Richert, 2002); still a theoretical understanding of the
microscopic rheology of suspensions as well as the clarification
of the heterogeneous dynamics has yet to be rationalized. To
elucidate the microscopic dynamics of colloidal suspensions,
we need to build a physical picture of the aging and
compressed exponential relaxation behaviours based on
experimental results.

Aside from aging of the system, X-ray irradiation onto soft
matter is known to induce certain radiation damage. It is
recognized that X-ray irradiation significantly influences the
dynamics of a system by X-ray radiation damage (Ehrburger-
Dolle et al., 2012); this indicates that aging dynamics should be
discussed in accounting for the effect of X-ray radiation
damage in XPCS measurements.

In this paper we report XPCS of silica nanoparticles in
swollen rubber. We have found that X-ray irradiation itself
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does affect the XPCS results; aging and compressed expo-
nential behaviour are significantly related to the X-ray irra-
diation. In the following we report that the aging behaviour in
the present system is related to the local rearrangement of
particles induced by XPCS measurements themselves.

2. Materials and methods
2.1. Materials

Silica particles (KE-P10, Nippon Shokubai Ltd, Japan)
embedded in commercially available styrene-butadiene
rubber (SBR1502) were used as the sample, the detailed
contents of which are shown in Table 1. Rubber polymer was
covalently cross-linked by dicumylperoxide (DCP). The
diameter of the silica particles was 1.2 x 10° nm. Phenyl-
triethoxysilane (KBE103, Shin-Etsu Chemical Co. Ltd) was
added, forming the following ‘S-samples’: S-low, S-mid and S-
high; this silane covers the silica particles and its phenyl group
may interact with phenyl groups in SBR via m—r interactions,
thereby coupling the silica particles with rubber polymers. As
controls, rubber filled with raw silica particles without silane
were also prepared (i.e. ‘R-samples’ R-low, R-mid and R-
high). After all of the ingredients were mixed, the samples
were heated at 443 K for 12 min, and then formed into a sheet
of thickness 1 mm. All of the samples were swollen by using
cyclohexanone as solvent for 60h prior to the X-ray
measurements. The swollen samples were sealed in a stainless
cell with windows made of polyimide to prevent evaporation
of cyclohexanone during the measurements.

2.2. X-ray photon correlation spectroscopy

XPCS measurements were conducted at BL40XU, SPring-8
(Shinohara et al., 2007). Quasi-monochromatic X-rays from
a helical undulator were used to produce partially coherent
X-rays by inserting a pinhole. An X-ray CCD detector coupled
to an X-ray image intensifier (Shinohara et al, 2010b) was
used for recording speckle images. For each measurement,
1000 images were recorded at 364 ms intervals under contin-
uous X-ray illumination. These images were processed after
subtraction of an averaged dark intensity of the CCD detector.
All measurements were performed at room temperature. The

S-low S-mid
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Table 1

Sample code. All numbers represent the weight ratio. DCP stands for
dicumulyperoxide. For the SBR and silane, SBR1502 and phenyltrieth-
oxysilane were used.

Code R-low R-mid R-high S-low S-mid S-high
SBR 100 100 100 100 100 100
Silica 11.1 11.1 11.1 11.1 11.1 11.1
DCP 0.3 0.5 0.3 0.3 0.5 0.7
Silane 1.1 1.1 1.1
Stearic acid 2.0 2.0 2.0 2.0 2.0 2.0

X-ray flux at the sample position was estimated to be 3 x

10" photons s™".

3. Results and discussion

Fig. 1 shows the mappings of a two-time correlation function
of S-low, S-mid and S-high at ¢ = 0.04 nm™'. The two-time
correlation function, which is defined by

(I(q, 1)I(q, 1,))
(I(q.1,)){I(q, 1))’

is widely utilized for visualizing temporal evolutions of the
dynamics (Sutton et al., 2003). The results clearly show a
slowing down of the dynamics, accompanied by temporal
heterogeneity of the dynamics characterized by inhomoge-
neous fluctuation of the scattering intensity along the diag-
onal. This slowing down can be interpreted either by structural
changes of filler aggregates or viscoelastic properties
surrounding the nanoparticles. Figs. 2(a)-2(f) show normal-
ized azimuthally averaged scattering intensity profiles at ¢ = 0,
36, 73, 109 and 360 s, where ¢ is the elapsed time since the start
of the X-ray exposure. The exposure time was 364 ms. No
significant changes during X-ray irradiation were shown. We
therefore conclude that the slowing down was not due to
structural changes such as aggregation.

To build a physical picture of the slowing down, we
compared the temporal evolution of the scattering intensity at
g =0.04 nm ™" [Fig. 2(g)-2(0)]. The S-samples did not show any
significant decrease in scattering intensity while the R-samples
showed a rapid decrease. In the present case the observed
scattering intensity originates from the electron density
contrast between the rubber and silica particles. The rapid

C(q’ tl’ tz) = (1)

S-high

1.12
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300 0 100 200 300

t/s

Typical two-time correlation function of S-low, S-mid and S-high at g = 0.04 nm ', All figures show a slowing down of the dynamics with inhomogeneous
intensity fluctuation along their diagonal. The colour scales represents values.
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even for the S-samples. Still, the silane
covering the nanoparticles interacted
with rubber polymers via m—m interac-
tions in the S-samples, and we speculate
that the silica nanoparticles acted as

\i
cross-links that were not broken by the

T X-ray irradiation and/or were reversibly
4 0.1 recovered after the breakdown. Based
on this speculation, the silica nano-
particles of the S-samples were trapped
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within the illuminated parts; this
certainly explains the difference
observed for the R- and S-samples.

To gain insight into the detailed
dynamics of the S-samples, intensity
correlation functions are calculated at

)
w
s
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T several stages. Fig. 3(a) shows typical
0.1 time-correlation functions at an initial
stage of X-ray irradiation (0s < ¢ <

109 s). They are fitted to a single expo-
nential function with the exponent p
being larger than unity as shown in
Figs. 3(b)-3(d). This compressed expo-
nential relaxation behaviour agrees with

those observed in jammed or dense
systems (Guo et al., 2009; Srivastava et

al., 2009; Ehrburger-Dolle et al., 2012;
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Figure 2

(a)-(f) Reduced scattering intensity profiles and (g)—(/) typical example of time evolution of the
scattering intensity at ¢ = 0.04 nm™". (a, g) R-low, (b, #) R-mid, (c, i) R-high, (d,j) S-low, (e, k)
S-mid and (f, /) S-high. The profiles at ¢t = 0, 36, 73, 109 and 360 s are plotted in (a)-(f); they
completely overlap. The upper and lower colour scales represent the intensity of the R-samples and

S-samples, respectively.

decrease is thus attributed to the decrease in the number of
nanoparticles under X-ray illumination. When another posi-
tion on the sample was illuminated, the same behaviour was
observed; we thus conclude that X-ray irradiation of the
R-samples induced a decrease in the number of nanoparticles
within the illuminated part of the sample. This decrease is
attributed to the breakdown of polymer cross-links due to
X-ray irradiation. Prior to the irradiation, a networked
structure of cross-linked rubber polymers entangled with the
silica nanoparticles, thereby preventing them from escaping
from the cages of polymer chains. Once the X-rays are irra-
diated, the cross-links are broken and the nanoparticles are no
longer caged; consequently the nanoparticles disperse among
the solution. Further studies concerning the detailed
mechanism of radiation damage deserve future work.

For the S-samples, such a drastic decrease in scattering
intensity was not observed; this means that the number of
nanoparticles did not change in contrast to the case of the R-
samples. It is natural to assume that the cross-link structure is
the same for the R-samples and the S-samples; therefore it is
also natural to consider that the cross-links were similarly

T
300

Chen et al., 2013; Ruta et al., 2013). The
g-dependence of the relaxation time t
shows a © >~ ¢~ * behaviour while
uncertainty of data in the low-g region
is large owing to the limited number of
pixels used for data reduction. The 7 =~
g~ behaviour is observed for all of the
systems containing silane at each stage
of aging. This scaling shows a striking difference from those
observed in many systems showing a compressed exponential
behaviour, in which the g-dependence of 7 is expressed by
T =~ 1/q. This scaling is explained within the context of local
deformation of the network induced by syneresis (Cipelletti et
al., 2003; Cipelletti & Ramos, 2005). The 7 >~ ¢~ *° depen-
dence has been observed for thermo-reversible colloidal gel
systems (Fluerasu et al., 2007; Solomon & Varadan, 2001),
where the scaling is attributed to the disaggregation of the
cluster. Based on the above results, we introduce the para-
meter a, = 1/(q7*), which has dimensions of acceleration, by
averaging over the whole g-range at each stage. Fig. 4 shows
the dependence of a, on the weight ratio of the cross-linker
(DCP). When the weight ratio of the cross-linker is small, a,
initially shows a high value, followed by a rapid decrease with
time. At a later stage, a, shows almost the same value for all
of the samples. It is reasonable to assume that the mass of
particles does not depend on the amount of cross-linker; thus
the behaviour of a, reflects the intensity of the forces between
the particles, thereby being used as a measure of the degree
of dynamics.
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(a) Time-correlation function of S-low at ¢ = 0.03 nm™" (circles), ¢ = 0.04 nm™" (triangles), g =
0.05 nm™" (diamonds) and ¢ = 0.06 nm™" (squares). Data for 0 s < < 109 s were used to reduce the
aging effect. (b—d) Dependence of relaxation time t and exponent p on g: S-low (b), S-mid (c) and
S-high (d). The dashed line shows 7 ~ ¢~ °°. The symbols represent the start time used for the
analyses: 0's (squares), 55s (open triangles), 110 s (diamonds), 164 s (circles) and 219 s (closed

triangles).

Based on these results, we propose a physical picture
explaining the temporal evolution of the dynamics and the
peculiar g-dependence of the relaxation time for the system.
As discussed above, the breakdown of cross-links upon X-ray
irradiation was observed for the R-samples. It is natural to
assume that the X-ray irradiation to the system containing
silane also leads to the breakdown of cross-links, thereby
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Figure 4

Dependence of a,, on the weight ratio of DCP to rubber. For each stage,
data over a period of 109 s were analyzed. The start time used for the
analyses was 0 s (open circles), 55 s (closed circles), 110 s (open triangles),
164 s (closed triangles) and 219 s (squares).

resulting in local structural changes.
Since no change was observed in terms
of the circularly averaged scattering
intensity profiles (Fig. 2), it is confirmed
that any significant aggregation of silica
particles induced by X-ray irradiation
is absent for our system,; still, the local
structural changes such as the break-
down of cross-links induces local re-
arrangements of silica particles while
keeping their averaged configuration.
This local rearrangement causes the
increase in acceleration of silica parti-

W A AN

cles through the increase in forces upon
the particles. When the cross-link
density is low (R-low and S-low), the
breakdown of cross-links sharply occurs,
thereby leading to drastic changes in the
configuration of the nanoparticles; the
nanoparticles disperse in the absence of
silane while the rearrangement occurs
in the presence of silane. Consequently,
the values of a, in S-low show a high
) value at the initial stage of measure-
ment, as shown in Fig. 4. When the

3x10™

cross-link density is large, the time
required for the breakdown of cross-
links over the whole region becomes
large, as confirmed for the R-samples by
Fig. 2; as a result, the breakdown of
cross-links gradually proceeds. Conse-
quently, the increase of local stress
gently proceeds when the cross-link
density is high. In summary, (i) the
dynamics observed in the present XPCS measurements reflect
the local rearrangement of nanoparticles, which is induced by
the breakdown of cross-links due to the X-ray irradiation
itself, and (ii) the degree of rearrangement is strongly affected
by the cross-link density. This picture is supported by the fact
that the systems show 7 =~ ¢~ behaviour. In previous studies
of colloidal gels (Fluerasu et al., 2007, Solomon & Varadan,
2001), T >~ ¢~ ° behaviour is explained as the disaggregation
of clusters. If the local rearrangement of nanoparticles is
induced by the breakdown of cross-links, its dynamics should
resemble those of disaggregation of clusters. This simple
speculation does not rule out the possibility that another
mechanism such as syneresis-induced network deformation
may contribute to the dynamics, but the conclusion requires
further investigation and deserves future work.

As noted above, many systems to which XPCS has been
substantially applied show aging dynamics with a compressed
exponential relaxation behaviour. The dynamics have been
analyzed in a way such that the peculiar dynamics originate
from inherent properties of the sample, sample preparation
processes or mechanical responses to external fields such as
shear. The present study clarifies that X-ray irradiation itself
induces similar dynamics for specific samples. Radiation

g/nm !
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damage on the sample in XPCS measurements has been
widely recognized; the total exposure time for a specific part of
the sample is limited to reduce the damage. Still, radiation
damage is usually recognized through changes in the scat-
tering intensity profiles, as in the R-samples for the present
study. However, even if there is no obvious change in the
scattering intensity profiles, the dynamics suffer from the
radiation damage as shown in this study. Great care must be
taken when utilizing XPCS as a tool for elucidating the
complex dynamics of soft matter.

4. Conclusion

The temporal evolution of the dynamics of silica nanoparticles
has been observed with XPCS. The changes in dynamics are
attributed to the breakdown of cross-links induced by X-ray
irradiation. The present study underlines the necessity of the
recognition that XPCS sometimes influences the dynamics of
a system; still, it demonstrates the usefulness of XPCS for
elucidating the detailed dynamics of nanocomposites. Further
studies on the effect of interactions between particles and
polymers are planned for future experiments.

The XPCS and SAXS experiments were conducted under
the approval of the SPring-8 Proposal Advisory Committee
(proposal Nos. 2011B1131, 2012A1121, 2012B1103 and
2012B1809). Preliminary SAXS experiments were performed
at the Photon Factory under the approval of the Photon
Factory Program Advisory Committee (proposal No.
2010G526). This work is partially supported by the Japan
Society for the Promotion of Sciences KAKENHI (proposal
No. 24710092) and the Photon and Quantum Basic Research
Coordinated Development Program from the Ministry of
Education, Culture, Sports, Science and Technology, Japan.
The authors thank the experimental support from A. Wata-
nabe and I. Ichiro (University of Tokyo) and K. Aoyama and
N. Ohta (JASRI/SPring-8).
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