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ABSTRACT: The polymer layers adsorbed on silica particles in rubber-silica systems have been investigated
with the contrast variation small-angle neutron scattering (SANS) method. The scattering intensities of specimens
swollen by solvents with various scattering length densities were measured. The contrast variation SANS for the
specimens yielded partial scattering functions: the scattering function for polymer-polymer correlation SPP(q),
the scattering function for silica-silica correlation SSS(q), and the scattering function for polymer-silica correlation
SPS(q). The analyses of SSS(q) explored the hierarchical structures formed by silica particles. The analyses of
SPS(q) and SSS(q) clarified the existence of dense polymer layers around silica aggregates. Several characteristic
parameters are estimated from the analyses, such as the size of aggregates, the thickness of layers, the volume
fractions of polymer of layers and matrix, and the correlation length of the matrix network. The contrast variation
SANS is found to be a powerful tool for the analyses of the structures of the rubber-filler systems.

I. Introduction

Rubber-filler systems have been one of the most successful
composite materials and have been widely used in industries
such as tire and belts and so on.1,2 Fillers reinforce rubbers by
compounding and improve the mechanical and barrier properties
of the rubber compounds. The dispersion of filler particles in
the rubber matrix is an important aspect of rubber reinforcement
by fillers. In our previous studies,3,4 we investigated hierarchical
structures formed by carbon black filler in polymers by using a
combined ultra-small-angle and small-angle scattering method
of neutrons and X-rays.

We need to explore another point in terms of structure
analyses to clarify the correlation between the mechanical
properties and the structures for rubber-filler systems: the
adsorption of rubber in filler particles. For example, the
rubber-silica systems with coupling agents exhibit much better
mechanical properties than do those without the agent. However,
little is known about how the polymers adsorbed on the silica
particles. It is difficult to characterize the adsorption layer of
polymers from the scattering of bulk systems because there is
no contrast of scattering between the adsorption layers and the
matrix phase of rubber. To clarify the adsorption layers, we
shall investigate the swollen rubber-filler systems by using a
solvent with a scattering technique. If the rubber is adsorbed
on the filler surface by coupling agents, then the swollen ratio
of the adsorbed layers will be smaller than that of the matrix
phase, and the contrast of the scattering between the adsorption
layers and the matrix phase is caused by the difference in the
swollen ratio. In this article, we focus on a rubber-silica
particles system as a rubber-filler system and characterize the
adsorption layers on silica particles by using scattering. In the
systems, there are three regions such as silica particles,
adsorption layers, and matrix rubber, and the existence of the
three regions makes the analyses of the scattering difficult. To

overcome this difficulty, we employ the contrast variation small-
angle neutron scattering technique that is later described and
characterize the adsorption layers as well as the aggregation of
silica particles, network structures in matrix, and so on.

II. Experimental Methods

1. Samples. We used poly(styrene-ran-butadiene) (SBR; Nipol
1502, ZEON) as a rubber. The characterization of SBR is listed in
Table 1. Silica particles (Zeosil 1165MP) used in this study were
obtained from Rhodia. The silica particles were compounded into
SBR by using a Banbury mixer at 80 °C, and they were then molded
at 155 °C for 5 min. We made the sheets of SBR/silica particles
with 1 mm thickness. The samples were swollen by a mixture of
deuterated hexane (d-hex) and hexane (h-hex) with various
composition. After reaching their equilibrium state (typically 12 h),
we installed them in a quartz cell for further scattering experiments.

2. Small-Angle Neutron Scattering Measurements. We con-
ducted SANS measurements with a SANS-J-II spectrometer at
JRR-3 (Japan Research Reactor-3) in the JAEA (Japan Atomic
Energy Agency, Tokai, Japan).5 The temperature of the samples
was set to be 27 °C. The wavelength (λ) of the incident beam was
0.65 nm, and its distribution was 0.12. The scattered intensity was
detected by a 2D 3He position-sensitive detector. The distances of
the sample to the detector were 2.5 and 10.2 m, and thus the
observed q range was from 0.07 to 0.8 nm-1, where q is the
magnitude of the scattering vector defined by

q) (4π/λ) sin(θ/2) (1)

with θ being the scattering angle. The obtained scattering data were
circularly averaged and corrected for background of cell, electronic
noise of detector, detector sensitivity, and incoherent scattering.

3. Swelling Experiment. The specimens were swollen in hexane
at 27 °C for 12 h to reach their equilibrium state, and their volume
change was then measured. The degree of swelling in volume (Q)
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Table 1. Characterization of SBR

polymers Mw Mw/Mn wPS (%)a vinyl content (%)b

SBR 5.0 ×105 3.4 23.5 15
a Weight fraction of styrene content. b Vinyl content in butadiene

sequence.
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is calculated by Q ) VS/V0, where V0 and VS are, respectively, the
volumes before and after swelling.

III. Results and Discussion

Figure 1 shows the change in the scattering profiles I(q) of
the swollen rubber-silica system with the scattering length
density of the solvent. The scattering intensity tends to decrease
with h-hex. However, the scattering intensity increases at d-hex/
h-hex ) 100/0, and the q dependence of I(q) changes with the
scattering length density. These facts suggest that the swelling
ratio of solvent to rubber is spatially inhomogeneous and that
the network density has spatial fluctuations.

We analyzed the scattering profiles by using the contrast
variation method developed by Endo.6-9 Because the volume
fraction of minor components except for SBR and silica is <2
vol % in the swollen systems, the contribution of the minor
components to the scattering intensity can be neglected.
Therefore, the swollen rubber-silica system can be treated as
three-component systems, and their scattering profiles can be
described as follows under incompressible conditions

I(q)) (aP - aH)2SPP(q)+ (aP - aH)(aS - aH)SPS(q) +
2(aS - aH)2SSS(q) (2)

Here ai is the scattering length density of the i component (i: P,
SBR; S, silica; H, hexane). Sij(q) is the partial scattering function
defined by

Sij(q)) 1
V∫ (δφi( rb)δφj( rb′)) exp[iqb( rb- rb′)]d rb d rb′ (3)

where V is the scattering volume radiated by the incident beam
and δφi(rb) is the fluctuation of the volume fraction of i at
position rb. In this experiment, we obtained the vector of
scattering intensities Ib ) [I1(q), I2(q),...In(q)] from the same
samples with n different scattering length densities of H. From
eq 2, Ib can be expressed as

Ib)M · Sb (4)

where M is the matrix of the difference in the scattering length
density and Sb is the vector of partial scattering functions. For
three-component systems, M is expressed by

M) (1∆aP
2 2· 1∆aP ·

1∆aS
1∆aS

2

2∆aP
2 2· 2∆aP ·

2∆aS
2∆aS

2

l l l
n∆aP

2 2· n∆aP ·
n∆aS

n∆aS
2 ) (5)

where

n∆aP ) aP-
naH (6)

and

n∆aS ) aS-
naH (7)

Sb is given by

Sb) (SPP(q)
SPS(q)
SSS(q) ) (8)

To decompose the scattering intensities into partial scattering
functions, we need to calculate the transposed matrix MT

satisfying MT ·M ) E by singular value decomposition. By
applying MT to Ib, Sb can be obtained

Sb)MT · Ib (9)

Figure 2 shows the calculated partial scattering functions.
SPP(q) and SSS(q) are positive, whereas SPS(q) is negative. If
there is no adsorption layer and SBR is swollen by hexane
homogeneously, then SPS(q) and SPP(q) are given by

SPS(q))-φSBRSSS(q) and SPP(q)) φSBR
2 SSS(q) (10)

and SPS(q) becomes negative, where φSBR is the volume fraction
of polymer in the swollen network. Thus, the adsorption layer
does not seem to exist. However, as shown in the plots of SSS(q),
SPP(q), and -SPS(q) versus q on the double logarithmic scale in
Figure 3, the q dependence of -SPS(q) is different from that of
SSS(q) at lower q region, indicating that the swollen network is
not spatially homogeneous.

To characterize the adsorption layer quantitatively, we
calculated the scattering functions for the model consisting of
the aggregation of silica particles (region R), the adsorption
layers on the silica particles (region �) with the volume fraction
of polymer (φl), and the matrix region (region γ) with the

Figure 1. Scattering profiles for rubber-filler system swollen by d-hex/
h-hex.

Figure 2. Partial scattering function of rubber-filler systems obtained
from scattering profiles from Figure 1.
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volume fraction of polymer (φm), as shown in Figure 4.
According to the model, the partial scattering function can be
described by9

SSS(q))FR(q)2 (11)

SPS(q)) (φl - φm)FR+�(q)FR(q)- φlFR(q)2 (12)

SPP(q)) [(φl - φm)FR+�(q)- φlFR(q)2]+ SPP,th(q) (13)

where FR(q) and FR+�(q) are, respectively, the scattering
amplitudes of region R and regions R + �. The second term in
the right-hand side of eq 13 expresses the concentration
fluctuations originating from network structures in region γ.
According to Sukumaran et al., the scattering of networks is
given by10

SPP,th(q)) SPP,th(0)[exp( q2�2

21.03)+ 0.541( �2

7.01) ×

[{ erf( q�
√6(7.01))}

3
⁄ q]5⁄3] (14)

where � is the correlation length of the network. It should
be noted that we neglected the higher level of extended tensile
structure because the contribution of the higher level is much

less than the scattering intensity originating from the inho-
mogeneity of the silica particle hole. The partial scattering
function SSS(q) can be calculated by applying the mass fractal
model that has an upper limit to the aggregation of silica
particles11,12

SSS(q))A exp(-q2Rg,a
2 ⁄ 3)+B[{ erf(qRg,a ⁄ √6)} 3 ⁄ q]Df ×

(exp(-q2Rg,Si
2 ⁄ 3))+C exp(-q2Rg,Si

2 ⁄ 3)+
D[{ erf(qRg,Si ⁄ √6)} 3 ⁄ q]4 (15)

where Rg,Si, Rg,a, and Df are, respectively, the radius of gyration
of silica particles, the radius of gyration of the aggregations,
and the mass-fractal dimension of the aggregations.13 A, B, C,
and D are expressed by14

A) naVa
2 (16)

B) (ADf/cRg,a
Df )[Γ(Df ⁄ 2)] (17)

C) nSiVSi
2 (18)

D) 2πCSSi/VSi
2 (19)

na, Va, n, VSi, SSi, and c are, respectively, the number of
aggregations per unit volume, the volume per unit volume,
the number of silica particles per unit volume, the volume
per silica particle, the surface area per silica particle, and
the intrinsic dimension characterizing the degree of branching
of the silica aggregation. The scattering function from regions
R + � is expressed by an object with a sharp interface and
a radius of gyration Rg,l

11

SR+�(q))E exp(-q2Rg,l
2 /3)+G[{ erf(qRg,l ⁄ √6)} 3 ⁄ q]4 (20)

where E and G are given by

E) naVl
2 (21)

G) 2πESl/Vl
2 (22)

where Vl is the volume of regions R + �. We fit the
experimental partial scattering functions to the equation
described above. The model functions can be well fitted to
the experimental results, indicating that there are adsorption
layers on the silica particles. The fitting results yielded the
characteristic parameters. We listed them in Table 4.

First, we shall compare the volume fraction of polymer
φm estimated from the SANS experiment with that from Q.
The estimated value of Q is 2.54. Hexane cannot swell silica
particles, but polymer chains. Thus, φm estimated from Q is
given by

φm ) 0.753
0.753+ 2.54- 1

) 0.33 (23)

which agrees with φm ) 0.32.
Let us analyze the structure of the aggregation of silica

particles. According to eqs 16 and 18 and the volume fraction

Figure 3. Partial scattering function of rubber-filler systems and their
fitting results with model functions (solid lines).

Figure 4. Schematic graph of the model of the rubber-silica system
swollen by solvent.

Table 2. Composition of Samples Used in This Study

SBR silica ZnO stearic acida Si-69b sulfur acceleratorc

vol % 75.3 19.5 0.4 0.6 2.9 0.5 0.8
a CH3(CH2)16COOH. b Bis[3-(triethoxysilyl) propyl]tetrasulfide. c TBBS:

N-tert-butyl-2-benzothiazyl sulfeneamide.

Table 3. Scattering Length Density of Each Component Used in
This Study

hexane d-hexane SBR silica

ai (cm-2) -5.76 × 10-9 6.14 ×10-10 7.33 ×10-10 3.15 ×10-10
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of silica particles φSi in swollen rubber-silica systems, we can
estimate Va and VSi from the following equations

Va )
A

naVa
) A

φSi
(24)

and

VSi )
C

nSiVSi
) C

φSi
(25)

From the swelling experiment, φSi ) 0.195/2.54 ) 0.077. By
substituting φSi, A, and C into eqs 22 and 23, we obtained Va )
1.53 × 10-16 cm3 and VSi ) 1.69 × 10-18 cm3, and there are
91 particles in an aggregation. However, it should be noted that
the swelling may affect the structure of the aggregation of silica
particles so that the obtained parameters for the aggregation
may be different from those for the bulk system.

Finally, we shall estimate the molecular weight Me between
cross-linking from �. If we assume that hexane is a good solvent
for SBR, then Me is expressed by

Me )M0(�
l )1.67

(26)

where M0 and l are, respectively, the molecular weight of a
monomer of SBR and the statistical segment length of SBR.
We substitute M0 ) 65.9 g/mol and l ) 0.7 nm into eq 25, then
we obtained Me ) 2.0 × 103 g/mol. We also calculated Me )
2.2 × 103 g/mol from the swelling experiment by using the
Kraus equation15 with Q ) 2.54 and an interaction parameter
between SBR and hexane of 0.66. Both values agree well with
each other.

IV. Conclusions

The polymer layers absorbed on silica particles in rubber-silica
systems have been investigated with contrast variation SANS
method. Specimens were swollen by the solvents with various
scattering length densities and their SANS intensities were
measured. We calculated the partial scattering functions by using
singular value decomposition: the scattering function for
polymer-polymer correlation SPP(q), the scattering function for
silica-silica correlation SSS(q), and the scattering function

for polymer-silica correlation SPS(q). The analyses of SPS(q)
and SSS(q) explored the existence of dense polymer layers around
silica aggregates. SSS(q) reflects hierarchical structures formed
by silica particles. To characterize the adsorption layer quan-
titatively, we calculated the scattering functions for the model
consisting of the aggregation of silica particles, the adsorption
layers on the silica particles, and the matrix region. We used
the mass fractal model that has an upper limit for the aggregation
of silica particles and an object with a sharp interface for the
region’s adsorption layers and silica aggregates to calculate the
partial scattering functions. The model can express the experi-
mental partial scattering functions well, and several characteristic
parameters are estimated from the analyses, such as the size of
aggregates, the thickness of layers, the volume fractions of
polymer of layers and matrix, and the correlation length of the
matrix network. The contrast variation SANS is found to be a
powerful tool for the analyses of the structures of the rubber-
filler systems.
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Table 4. Characteristic Parameters Yielded from Fitting

Rg,a (nm) Df Rg,l (nm) tl (nm) Rg,Si (nm) � (nm) SPP,th(0)

32.7 2.7 38.0 5.3 6.8 5.4 7.57 × 10-24

φm φl A B C D E G

0.32 0.61 1.18 ×10-17 2.26 × 10-21 1.30 × 10-19 3.93 × 10-23 1.18 × 10-17 1.17 × 10-24
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