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Structure analyses of polybutadiene rubber crosslinked
with unsaturated carboxylate using contrast variation
small-angle neutron scattering

Ryo Mashita1, Hiroyuki Kishimoto1, Rintaro Inoue2 and Toshiji Kanaya3

We studied the structure of polybutadiene rubber (BR) crosslinked with zinc diacrylate (ZDA) to elucidate the structure of the

high crosslink density BR using a contrast variation small-angle neutron scattering (CV-SANS) method. SPP(q), SZZ(q) and SPZ(q),
which correspond to the partial scattering functions of the self-correlation of BR, the self-correlation of ZDA aggregates and the

cross-correlation between BR and ZDA aggregates, respectively, were successfully evaluated using CV-SANS. A model function

assuming a hierarchical structure consisting of spheres with broad size distributions was used to describe the SZZ(q), and the

careful analysis of SPZ(q) revealed the existence of a HC-BR layer around the ZDA aggregates owing to an inhomogeneous

crosslinked structure in the BR matrix. This is the first time quantitative structural analysis of the HC-BR layer in this rubber

material has been performed. In addition, the network structure of the HC-BR layer in the rubber matrix is responsible for the

high mechanical modulus of the rubber.
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INTRODUCTION

Rubber materials, which are utilized in various industrial products,
such as tires for automobiles, airplanes and base-isolating devices, are
indispensable in industry and our daily life.
Rubber that is crosslinked with metal diacrylate exhibits strong

reinforcement properties without the addition of reinforcing materials,
such as carbon black, silica and clay, and therefore, the structure of
this rubber has been extensively studied. The aggregates of metal ions
with sizes of 1–30 nm1–5 were previously assumed to be responsible
for the mechanical properties of these materials, and many researchers
have focused on structural analyses of the metal ion aggregates in these
rubber materials6–10 to improve the mechanical properties of these
material. In contrast to expectations, no dramatic improvement in the
mechanical properties has been reported despite extensive studies. In
contrast, the structure of the rubber matrix, which occupies a majority
of the volume fraction in rubber materials, has not been studied owing
to its structural complexity. The elucidation of the structure of the
rubber matrix could offer a promising approach for enhancing the
mechanical properties of these rubber materials, and therefore, we
decided to study the structure of the rubber matrix in itself.
Preliminary transverse proton (1H) nuclear magnetic resonance
relaxation measurements have revealed the existence of two relaxation

processes in the rubber matrix,11 implying the coexistence of high and
low crosslink density regions in the rubber matrix. To confirm the
existence of these two regions possessing different crosslink densities,
transmission electron microscopic (TEM) and scanning electron
microscopic measurements have been performed on the rubber
matrix. However, the coexistence of these two regions in the rubber
matrix has not been clarified owing to the lack of contrast in both
measurements.
In our previous study,5 we investigated the coexistence of high and

low crosslink density regions in a rubber matrix using a good solvent
and the complementary use of small-angle X-ray scattering (SAXS)
and small-angle neutron scattering (SANS) by assuming that the
degree of swelling for each region would be different. The coexistence
of high and low crosslink density BR (HC-BR) regions in the rubber
matrix was successfully determined. Based on SAXS and SANS results,
the HC-BR region may be absorbed on the surface of metal ion
aggregates. However, we have not experimentally confirmed this
hypothesis. Therefore, another experimental approach is essential for
understanding both the structure and physical properties of HC-BR in
more detail.
The contrast variation SANS (CV-SANS) method is a powerful

tool for structural analyses of multicomponent systems, such as
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clay–polymer and silica–polymer systems,12–16 and the advantage of
this method is the evaluation of the partial scattering functions
through modulation of scattering length densities of the solvents.
Using this method, Endo et al.16 determined whether or not a polymer
was absorbed on the surface of nanocomposites based on the sign of
the partial scattering function of the cross-correlation term, which
describes the intercorrelation between the components. Therefore, we
performed a more detailed structural analysis of HC-BR using the CV-
SANS method.
In this study, the structural relationship between the metal ion

aggregates and the HC-BR region as well as the hierarchical structure
of metal aggregates and the network structures in matrix BR were
investigated using CV-SANS.

EXPERIMENTAL PROCEDURE

Materials and sample preparation
The details of the materials used in this study are summarized in Table 1. We
used polybutadiene (BR; BR730, JSR Co., Ltd., Tokyo, Japan.) with weight-
average molecular weight (Mw) of 6.72× 105 and molecular weight distribution
index (Mw/Mn) of 2.39, where Mn is number-average molecular weight as the
rubber matrix. The content of cis, trans and vinyl in the BR was 97, 2 and 1%,
respectively. Zinc diacrylate (ZDA; Sanceler SR, Sanshin Chemical Industry Co.,
Ltd., Yanai, Yamaguchi, Japan.) and dicumyl peroxide (DCP; Percmyl D,
Nichiyu Co., Ltd., Tokyo, Japan.) were used as a crosslinker and an initiator,
respectively, in the crosslinking reaction. BR, ZDA and DCP with a volume
ratio of 87.3, 12.4 and 0.3, respectively, were placed into a 6-inch two-roll mill
simultaneously and mixed for 5min at room temperature. After mixing at
room temperature, the mixture consisting of BR, ZDA and DCP was placed
into a mold and heated at 170 °C for 20min to promote the chemical reaction.
Prior to the SANS and SAXS measurements, the samples were swollen in a
mixed solvents containing hydrogenated toluene (h-toluene) and deuterated
toluene (d-toluene) until their equilibrium states were reached at room
temperature (final swollen ratio was ~ 196%). The swollen samples were
measured in a quartz cell that was 2mm thick. For the TEM observation, the
sample, which had a thickness of 50 nm, was prepared using a microtome.

Measurements
The SANS measurements were performed with a 40m SANS spectrometer
installed at a neutron scattering facility (HANARO) in Daejeon, Korea. The
wavelength (λ) of the incident neutron and its distribution (Δλ/λ) were 7.49 Å
and 0.12, respectively. In addition to the three different sample-to-detector
distances of 1.16, 4.7 and 19.95m, a focusing lens was also utilized to access a
lower q region than that covered by the normal set-up. Using this set-up, the q
values ranged from 2.0× 10− 2 to 7.5 × 10− 1 nm− 1. The observed two-
dimensional scattering images were circularly averaged to obtain one-
dimensional scattering curves, which were corrected for the backgrounds from
the sample cell and air, electronic noise, detector sensitivity and transmittance
of the neutrons through the samples and incoherent scattering. The SANS
scattering intensity was converted to an absolute intensity scale (cm− 1) using
the direct beam flux method.
SAXS measurements were also conducted on the same samples. The SAXS

measurements were performed using a BL03XU instrument installed at a
synchrotron radiation X-ray scattering facility (SPring-8) in Nishiharima, Japan,
and the incident wavelength of the X-ray and the sample-to-detector distance
were 1.5 Å and 3.0 m, respectively. Ultra small-angle X-ray scattering (USAXS)
measurements were also performed with a BL20XU instrument installed at
SPring-8, and the incident wavelength of the X-ray and the sample-to-detector

distance were 0.54 Å and 160.5 m, respectively. By combining the SAXS and
USAXS measurements, we can cover a q range from 2.9× 10− 3 to 8.7 × 10− 1

nm− 1. The two-dimensional scattering images were circularly averaged to
obtain one-dimensional scattering curves, which were corrected for the
backgrounds from the sample cell and the air as well as for the transmittance
of the X-rays through the samples.
TEM measurements were performed at operating voltages of 200 kV under

dark-field mode.
Dynamic viscoelasticity measurements were carried out with a dynamic

mechanical analyzer (RSA-G2, TA Instruments Japan Inc., Tokyo, Japan) at
303 K and 10Hz.
Differential scanning calorimetric measurements were carried out with a

differential scanning calorimeter (Q200, TA Instruments Japan Inc.) for a
temperature range of − 150 to 150 °C at a rate of 10 °Cmin− 1.

RESULTS AND DISCUSSION

Roughly, two types of ZDA aggregates with diameters of ~ 5 nm (first
ZDA aggregates) and ~ 20 nm (second ZDA aggregates) were observed
in the TEM image, as shown in Figure 1. Because this TEM image was
taken in the dark-field mode, the bright particles correspond to ZDA
aggregates where the rubber material has a high electron density.
Although it is difficult to accurately analyze the TEM image owing to
its limited spatial resolution, a wide distribution of sizes and a
hierarchical structure over a wide range of spatial scales was observed
for ZDA aggregates in the BR matrix. In addition, micrometer-sized
ZDA aggregates were also observed in our previous study5 in the BR/
ZDA system, suggesting the coexistence of nanometer- and
micrometer-sized ZDA aggregates in the same sample after the
chemical reaction.
Figure 2 shows the SANS profiles I(q) of BR crosslinked with ZDA

and swollen by toluene consisting of a different mixing ratio of h-
toluene and d-toluene. The Kratky plots (q2I(q) vs q) are shown in the
inset to visualize the change in the q dependence of I(q). The scattering
intensity (I(q)) tends to decrease as the ratio of d-toluene in toluene
solvent decreased, reflecting the decrease in the scattering contrast
between BR and the toluene solvent. However, the q dependence of
I(q) is strongly dependent on the ratio of d-toluene in the toluene
solvent. In particular, the q dependence of I(q) swollen by 100%
d-toluene differs from that swollen by 100% h-toluene. If the rubber

Table 1 Characteristics of the components of the samples used in the

current study

Polybutadiene (vol%) 87.3

Zinc diacrylate (vol%) 12.4

Dicumyl peroxide (vol%) 0.3 Figure 1 TEM image. A full color version of this figure is available at the
Polymer Journal online.
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matrix swells homogeneously in the toluene solvent, the q dependence
of I(q) must be independent of the fraction of d-toluene in the toluene
solvent. These experimental results imply that a component other than
the ZDA aggregates and BR matrix must exist in the current rubber
material.
In principle, our samples can be regarded as a four-component

system consisting of BR, ZDA, DCP and toluene solvent. However, the
volume fraction of DCP included in our sample is negligibly small
compared with the other components, as shown in Table 1. Therefore,
our sample can be approximately regarded as three components
consisting of BR, ZDA and the toluene solvent. Under such an
approximation, I(q) can be expressed as follows:

IðqÞ ¼ sp � ssol
� �2

SppðqÞ þ 2 sp � ssol
� �

sz � ssolð ÞSpzðqÞ
þ sz � ssolð Þ2SzzðqÞ ð1Þ

where σP, σz and σsol are the scattering length densities of BR, ZDA
and the solvent, respectively, as shown in Table 2. The scattering
length density of the solvent is calculated by considering the mixing
ratio of h-toluene and d-toluene. SPP(q), SZZ(q) and SPZ(q) are the
partial scattering functions of the self-correlation of BR, the self-
correlation of the ZDA aggregates and the cross-correlation between
the BR and ZDA aggregates, respectively. If the SANS measurements
are performed at n different toluene solvents consisting of different

mixing ratios of h-toluene and d-toluene, each Ij(q) (1⩽ j⩽ n) is
related to the (SPP(q), SZZ(q) and SPZ(q)) partial scattering functions as
follows:
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where

Dsp ¼ sp � ssol ð3Þ

Dsz ¼ sz � ssol ð4Þ
SPP(q), SZZ(q) and SPZ(q) can be calculated according to the singular
value decomposition algorithm.16
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Figures 3a–c show the calculated partial scattering functions (SZZ(q),
SPP(q) and SPZ(q), respectively). I(q) from the SAXS measurement
(ISAXS(q)) is also shown in Figure 3a. Because the difference in the
electron density between ZDA and toluene is much larger than those
of the other components in the SAXS experiment, as shown in
Table 2, the scattering intensity from ZDA dominates the total
scattering intensity for the SAXS measurements. Under such an
assumption, the q dependence of ISAXS(q) is expected to reproduce
the q dependence of SZZ(q). As shown in Figure 3a, the q dependence
of ISAXS(q) was consistent with that of SZZ(q), supporting the validity
of the evaluation of the partial scattering function. To quantitatively
characterize the obtained SPP(q), SZZ(q) and SPZ(q), an appropriate
model should be assumed. The model proposed by Takenaka et al.,13

who studied rubber–silica systems with the SANS techniques, was
employed to model the current rubber material consisting of ZDA
aggregates, a HC-BR layer surrounding the ZDA aggregates with a
volume fraction of BR in the swollen HC-BR layer with toluene
(ϕHC-BR) and the BR matrix with a volume fraction of BR in the
swollen matrix BR region with toluene (ϕMT-BR) (Figure 4). Based on
this model, the partial scattering functions can be described as
follows13:

SzzðqÞ ¼ F2
ZDAðqÞ ð6Þ

SpzðqÞ ¼ fHC�BR � fMT�BRð ÞFHC�BRþZDAðqÞFZDAðqÞ
� fHC�BRF

2
ZDAðqÞ ð7Þ

SppðqÞ ¼ fHC�BR � fMT�BRð ÞFHC�BRþZDAðqÞ � fHC�BRFZDAðqÞ½ �2
þ Spp;ntðqÞ þ Spp;ih1ðqÞ þ Spp;ih2ðqÞ

ð8Þ
where

Spp;ntðqÞ ¼ S0pp;ntð0Þ
1þ q2x1

2 ð9Þ

Spp;ih1ðqÞ ¼ S0pp;ih1ð0Þ
1þ q2x2

2
� �2 ð10Þ

Spp;ih2ðqÞ ¼ S0pp;ih2ð0Þ
1þ q2x3

2
� �2 ð11Þ

Table 2 Scattering length densities and electron densities of the

materials used in the current study

Scattering length

density (×10−6 Å−2)

Electron density

(×1023 electron cm−3)

Polybutadiene 0.42 3.01

Zinc diacrylate 2.15 4.83

Toluene 0.94 2.83

Deuterated toluene 5.66 2.82

Figure 2 SANS profiles for the material swollen in a mixture of d-toluene
and h-toluene. The inset shows the Kratky plots of each solvent. A full color
version of this figure is available at the Polymer Journal online.
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FZDA(q) and FHC-BR+ZDA(q) are the scattering amplitudes of the ZDA
aggregates and the region consisting of ZDA aggregates and the HC-
BR layer, respectively. Three correlation lengths due to the crosslinking
network, inhomogeneous crosslinking and larger inhomogeneous
crosslinking have been reported for similar rubber materials.14,15

Therefore, three scattering functions (Spp,nt(q), Spp,ih1(q) and
Spp,ih2(q)) are introduced to describe the concentration fluctuation
of the BR network structure (Spp,nt(q)), inhomogeneous crosslinked
structure (Spp,ih1(q)) and larger inhomogeneous crosslinked structure
(Spp,ih2(q)) in the BR matrix region in Equation (9). ξ1, ξ2, ξ3,
S0pp,nt(0), S

0
pp,ih1(0) and S0pp,ih2 are the correlation lengths of the BR

network, the inhomogeneous crosslinked structure and the larger
inhomogeneous crosslinked structure in BR matrix region as well as
the prefactors of the inhomogeneous crosslinked structure and the
larger inhomogeneous crosslinked structure in matrix BR region,
respectively. Assuming the absence of an absorbed BR layer on the
surface of the ZDA aggregates, Equation (7) can be approximated as

follows16:

SpzðqÞ ¼ �fMT�BRF
2
ZDAðqÞ ð12Þ

In the current experiment, the Spz(q) has a positive sign in the q range
examined, implying the possibility of the existence of cross-correlation
between BR and ZDA based on structural analysis. Other experimental
proof for the existence of an absorbed BR layer on the surface of the
ZDA aggregates was obtained from the differential scanning calori-
metric results (Figure 5). The endothermic peak observed at approxi-
mately 0 °C originated from the crystal melting peak owing to the high
cis content in the BR matrix. After the chemical reaction with ZDA,
new endothermic behavior, which was not detected for the BR matrix
(non-crosslinked BR), was observed at approximately 90 °C. It is
important to note that the endothermic behavior at 90 °C was not
observed for either the ZDA monomer or self-polymerized ZDA.17

Therefore, the endothermic behavior observed at 90 °C must originate
from BR crosslinked with ZDA. The interfacial polymer layer near the

Figure 3 Partial scattering functions (a) SZZ(q), (b) SPP(q) and (c) SPZ(q) obtained using the CV-SANS method. Dashed line in a is the SAXS profile. Solid
lines represent the results from the fitting with the model function. A full color version of this figure is available at the Polymer Journal online.

Structure analyses of BR with ZDA using CV-SANS
R Mashita et al

242

Polymer Journal



impenetrable substrate or nanoparticle exhibits anomalous physical
properties, and one representative example is the dramatic increase in
the glass transition temperature (Tg).

18,19 Then the endothermic
behavior at 90 °C in the rubber material must correspond to the
second Tg from the HC-BR layer originating from the crosslinking
reaction between BR and ZDA. Based on structural analysis and
thermal properties, the existence of a HC-BR layer can be confirmed.
Based on our previous TEM and scanning electron microscopic

studies on BR crosslinked with ZDA,5 both the hierarchical structure
of the ZDA aggregate and the broad size distributions of the ZDA
aggregates have been observed. In addition, the morphologies of the
ZDA aggregates were approximately sphere shaped. Therefore, the SZZ
(q) partial scattering function can be expressed by the model function
considering the hierarchal structure of the form factor of spheres with
broad size distributions.

SzzðqÞ ¼ FZDAðqÞj j2
¼ nZDA3

RN
0 Pðr; r0;ZDA3; sZDA3Þ 4

3pr
3

� �2 3 sin ðqrÞ�qr cos ðqrÞ½ �
ðqrÞ3

� �2
drþ

nZDA2
RN
0 Pðr; r0;ZDA2; sZDA2Þ 4

3pr
3

� �2 3 sin ðqrÞ�qr cos ðqrÞ½ �
ðqrÞ3

� �2
drþ

nZDA1
RN
0 Pðr; r0;ZDA1; sZDA1Þ 4

3pr
3

� �2 3 sin ðqrÞ�qr cos ðqrÞ½ �
ðqrÞ3

� �2
dr

ð13Þ

where

Pðr; r0;i; siÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2ps2i

p exp � r � r0;i
� �2

2si2

 !
ð14Þ

i ¼ ZDA1; ZDA2; ZDA3 ð15Þ
r0,ZDA1, r0,ZDA2 and r0,ZDA3 are the mean radii of the first ZDA
aggregates, the second ZDA aggregates and the larger ZDA aggregates,
respectively. It is important to note that we used a value of 1.6 μm for
r0,ZDA3, which was determined in our previous study5 because the size
of r0,ZDA3 is beyond the accessible q range in the current SANS
measurements. nZDA1, nZDA2 and nZDA3 are the number per unit
volume of the first ZDA aggregates, second ZDA aggregates and the
larger ZDA aggregates, respectively. To describe the size distribution of
the ZDA aggregates, a Gaussian distribution was used, as described in
Equation (13). The solid line was able to reproduce the observed SZZ
(q), as shown in Figure 3a, and then we adapted this model function.
Because the HC-BR layer is supposed to absorb onto the surface of

ZDA aggregates, the scattering function of the region consisting of
ZDA aggregates and the HC-BR layer (SHC-BR+ZDA(q)) is also expected
to be described with a similar hierarchical structure model as follows:

SHC�BRþZDAðqÞ ¼ FHC�BRþZDAðqÞj j2
¼ nZDA3

RN
0 Pðr; r0;HC�BR3; sHC�BR3Þ 4

3pr
3

� �2 3 sin ðqrÞ�qr cos ðqrÞ½ �
ðqrÞ3

� �2
drþ

nZDA2
RN
0 Pðr; r0;HC�BR2;sHC�BR2Þ 4

3pr
3

� �2 3 sin ðqrÞ�qr cos ðqrÞ½ �
ðqrÞ3

� �2
drþ

nZDA1
RN
0 Pðr; r0;HC�BR1;sHC�BR1Þ 4

3pr
3

� �2 3 sin ðqrÞ�qr cos ðqrÞ½ �
ðqrÞ3

� �2
dr

ð16Þ
where r0,HC-BR1, r0,HC-BR2 and r0,HC-BR3 are the mean radii of the first
HC-BR layer, the second HC-BR layer and the larger HC-BR layer,
respectively. Figure 3 shows the results for the fitting analyses of the
partial scattering functions. Each partial scattering function fitted well
to the previously mentioned structure models, and the parameters
obtained from the fitting procedures are summarized in Table 3. From
the calculated partial scattering function Szz(q) corresponding to self-
correlation of the ZDA aggregates, the size of the ZDA aggregates can
be evaluated. The mean size of the first and second ZDA aggregates
coincided with those determined from image analyses on the
TEM images within experimental error (r0, ZDA1= 1.4 nm and
r0, ZDA2= 5.0 nm). This result indicates that the difference in the
measurement condition between SANS and TEM does not affect
the resulting size information for the ZDA aggregates, which are on the
nanometer scale. ϕHC-BR and ϕMT-BR are 0.89 and 0.46, respectively,
implying that the swelling ratio of HC-BR was lower than that of the
BR matrix. Therefore, the crosslinking density of the HC-BR layer
around the ZDA aggregates must be higher than that of the BR matrix
region. The physical description of HC-BR, which segregated on the

Figure 4 Schematic representation of the ZDA/BR system swollen by the
solvent. A full color version of this figure is available at the Polymer Journal
online.

Figure 5 DSC curves of non-crosslinked and crosslinked BR.

Table 3 Characteristic parameters calculated from the fitting analysis

r0,ZDA1 (nm) 1.4 r0,HC-BR1 (nm) 3.2

r0,ZDA2 (nm) 5.0 r0,HC-BR2 (nm) 7.9

r0,ZDA3 (nm) 1600 r0,HC-BR3 (nm) 1610

σZDA1 (nm) 1.1 σHC-BR1 (nm) 0.3

σZDA2 (nm) 1.7 σHC-BR2 (nm) 1.8

σZDA3 (nm) 800 σHC-BR3 (nm) 800

nZDA1 (nm−3) 3.8×10−3 ϕHC-BR 0.89

nZDA2 (nm−3) 1.1×10−6 ϕMT-BR 0.46

nZDA3 (nm−3) 6.5×10−18 ξ1 (nm) 2.6

ξ2 (nm) 8.2 ξ3 (nm) 61

Structure analyses of BR with ZDA using CV-SANS
R Mashita et al

243

Polymer Journal



surface of the ZDA aggregates, was experimentally confirmed, and
successful investigation of the structure of the HC-BR layer was
achieved.
The volume fraction of the BR matrix region (ϕMT-BR) was

compared with that from the degree of swelling of the sample Q
(1.96). Because ZDA cannot be swollen but BR can be swollen in
toluene, ϕMT-BR estimated from Q can be expressed as follows:

fMT�BR ¼ CBR

CBR þ Q� 1
¼ 0:873

0:873þ 1:96� 1
¼ 0:48 ð17Þ

where CBR is the volume fraction of BR. The value of ϕMT-BR

evaluated from Q is nearly equal to that obtained from the SANS
measurement (that is, 0.46), suggesting that the results from the fitting
analyses are reasonable.
Based on the r0, ZDA1(1.4 nm) and r0,HC-BR1(3.2 nm) values, the

mean thicknesses of the HC-BR layer around the first ZDA aggregates
was estimated to be 1.8 nm, and the thickness of the HC-BR layer
around the second ZDA aggregates was estimated to be 2.9 nm using
the same assumption. The total volume fraction of ZDA aggregates
(ϕtotal-ZDA,fit) and HC-BR layers (ϕtotal-HC-BR,fit) were estimated to
0.062 and 0.075, respectively. In comparison to the initial volume
fraction of ZDA (0.124), ϕtotal-ZDA,fit was approximately half that
value. Therefore, the model function is not suitable for the current
rubber material. However, it is important to note that the rubber
material was swollen by toluene for the SANS and SAXS experiments.
Therefore, we must take into account the contribution of toluene for
comparison to the volume fraction of ZDA. For this purpose,
ϕtotal-ZDA,fit and ϕtotal-HC-BR,fit should be normalized by the degree
of swelling (Q), and these normalized values (ϕtotal-ZDA,fit and
ϕtotal-HC-BR,fit) were determined to be 0.122 and 0.147, respectively.
Taking account the possible error from the fitting procedure,
ϕtotal-ZDA,fit is nearly equal to the ZDA content of the sample
(0.124), suggesting that the results from the fitting analyses are
reasonable.
The ξ1, ξ2 and ξ3 values, which indicate that the distance between

the crosslinking and the size of the inhomogeneous crosslinked
structures in the BR matrix region, are 2.6, 8.2 and 61 nm,
respectively. We also estimated the average molecular weight between
the crosslinks (MS) from the degree of swelling of the sample
(Q= 1.96) using the Flory–Rehner equation.20,21 Then MS was
estimated to be 4.22× 102 gmol− 1. The correlation length (ξs) of
the BR network can be calculated from the following equation:

MS ¼ M0
xS
l

� �1:67

ð18Þ

where M0 and l are the molecular weight of the monomer of BR
and the statistical segment length of BR, respectively. Using
M0= 52 gmol− 1 and l= 0.828 nm, ξS was calculated to be 3.1 nm.
The ξs value (3.1 nm) that was obtained from the degree of swelling
nearly coincided with the ξ1 value (2.6 nm) from CV-SANS analysis,
suggesting that the adopted analysis model in the current study is
reasonable.
In comparison to rubber material reinforced by the addition of an

inorganic nanofiller, such as carbon black, which is phase separated in
the rubber matrix, a substantial reinforcement effect was observed for
the current rubber, as described in Introduction section (Figure 6).
Therefore, the additional contribution beyond the addition of a small-
sized filler must be a key factor for realizing high mechanical strength
in the current material. Next, we discuss the origin of the substantial
increase in the mechanical strength of the current system from the
viewpoint of structural analysis. The mean distance between the first

ZDA aggregates is roughly estimated to be 1–5 nm in the TEM image
(Figure 1). Based on the radius of the ZDA aggregates and the
thickness of the HC-BR layer obtained from CV-SANS, the HC-BR
layer may serve to connect the ZDA aggregates to each other.
Alternatively, the nanometer-sized ZDA aggregates may have a major
role as a cross-linker in the current system. In addition, the sum of the
volume fraction of the ZDA aggregates (ϕtotal-ZDA,fit) and the HC-BR
layers (ϕtotal-HC-BR,fit) is only 0.269, which is lower than the fraction of
closest packing. A network of HC-BR layers may be responsible for the
high mechanical strength of the current rubber material. In addition,
the micrometer-sized aggregates may act as stiff fillers in the current
system even though the detailed structural analysis is challenging
owing to limitations in the accessible q range.
In current study,5 accurate information was simultaneously

extracted for both the structure of the HC-BR layer around ZDA
aggregates. Because the thickness and volume fraction of the HC-BR
layer were quantitatively revealed for the first time, additional
improvement in the mechanical properties of the rubber materials
must be accomplished by controlling the structure of the HC-BR
region.

SUMMARY

We investigated the structure of butadiene rubber (BR) crosslinked
with ZDA using the CV-SANS method with a focus on the structure of
the high crosslink density BR (HC-BR) layer surrounding the ZDA
aggregates. The partial scattering functions (SPP(q), SZZ(q) and SPZ(q))
were obtained using the CV-SANS method and singular value
decomposition. The q dependence of ISAXS(q) was quite similar to
that of SZZ(q), suggesting that the results of the CV-SANS method and
singular value decomposition are reasonable. SZZ(q) fitted well to the
model assuming a hierarchal structure of spheres with broad size
distributions. The analyses of SPP(q) and SPZ(q) revealed the existence
of a HC-BR layer surrounding the ZDA aggregates and an inhomo-
geneous crosslinked structure in the BR matrix region. The total
volume fractions of ZDA aggregates (ϕtotal-ZDA,fit) and the HC-BR
layers (ϕtotal-HC-BR,fit) were estimated to be 0.122 and 0.147,
respectively, using the CV-SANS method. The sum of ϕtotal-ZDA,fit

and ϕtotal-HC-BR,fit is only 0.269, which is lower than the fraction of
closest packing, suggesting that HC-BR consists of a network, and this
network structure in BR may be responsible for the high mechanical
strength of the current rubber material. Using CV-SANS, our physical

Figure 6 Relationship between the elastic modulus and the volume fraction
of ZDA and CB. A full color version of this figure is available at the Polymer
Journal online.
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description of HC-BR, which segregated on the surface of the ZDA
aggregates, was experimentally confirmed. Therefore, the structure of
the HC-BR layer was successfully achieved for the first time.
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