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The density profile in a thin cross-linked polyisoprene (PI) film spin-coated on a quartz substrate in n-
hexane was examined by specular neutron reflectivity. We found two layers with different PI densities at
the substrate interface. The characteristics of the layers are discussed in terms of bound rubber typically
associated with the field of rubber materials and adsorbed layers typically associated with the field of
glassy materials.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polymeric materials have often been used by mixing them with
inorganic fillers to improve their physical performance including
their mechanical properties and durability [1e3]. As an important
example of these polymer composite materials, tires for motor
vehicles have silica and/or carbon black nanoparticles dispersed in
a cross-linked rubbery matrix made of natural rubber, poly-
butadiene (PB), butyl rubber and poly(styrene-co-butadiene) (SBR)
with various stabilizers. Many studies have shown that the per-
formance of tires is closely related to the interaction between the
rubber matrix and the inorganic fillers.

In the field of rubber nanocomposites, it has been widely
accepted for many years that rubber chains are tightly adsorbed on
fillers and thus the chains have less mobility compared to when
they are unbound as bulk chains. This “bound rubber” dissolves
very little even in good solvents. In early 1970's, pulse nuclear
magnetic resonance (NMR) studies indicated that the molecular
motion of chains is extremely suppressed in the bound rubber layer
[4e6]. Other studies with NMR analysis, dielectric measurement or
mechanical measurement proposed that there should exist two
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different kinds of chains in the interfacial bound rubber: “tightly
adsorbed” and “loosely adsorbed” chains [5,7e15]. The former ex-
hibits no clear glass-rubber transition, meaning that the chains are
glassy even at room temperature. The latter shows moderate
mobility, somewhere between that shown by the tightly adsorbed
chains and that shown in bulk chains. A possible model to explain
how rubber nanocomposites can be reinforced is that fillers with a
bound rubber layer form a network structure in thematrix [16e21].
This notion is consistent with a very recent study by Mujtaba et al.
dealing with the role of the bound rubber in the mechanical
properties of rubber-silica nanocomposites [22]. Some research
groups have conducted neutron scattering experiments on SBR-
silica and PB-carbon black nanocomposites to explore the struc-
ture of the adsorbed interfacial layer on the fillers [19,23]. However,
more knowledge of the interfacial layer is required to better un-
derstand the bound rubber.

Over the last two decades, the segmental dynamics of polymer
chains ina thinfilmsupportedonasolid substratehasbeenahot topic
inthefield [24e28]. In thecaseof thinpolystyrene (PS)filmsonsilicon
wafers with a native oxide layer, once the film becomes thinner than
approximately 100 nm, the glass transition temperature (Tg) starts to
decrease with decreasing thickness [24e28]. This is mainly because
the dynamics of the chains is faster in the surface region than in bulk
[29e35]. At the same time, it is also accepted that chains form an
adsorbed layer on the silicon surface [36e47] and exhibit slower
dynamics [48e50]. These properties are similar to those of bound
rubber, meaning that we should be able to explain how rubber and
glassy polymers attach to solid surfaces in the same way.
of cross-linked polyisoprene at the solid interface, Polymer (2016),
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The objective of this study is to discuss the aggregation states of
cross-linked cis-1,4-polyisoprene, which is referred to as cross-
linked PI hereafter, at the interface with a quartz substrate on the
basis of experimental techniques applied to thin polymer films.
Specifically, the volume fraction of cross-linked PI in a thin spin-
coated film swollen by a good solvent along the direction normal
to the interface was examined by neutron reflectivity (NR), which is
currently the most reliable method for investigating a thin layer
with a resolution better than 1 nm [51,52]. The information ob-
tained will be useful to give a better understanding of the proper-
ties of bound rubber.

2. Experimental section

2.1. Materials

PI was synthesized by living anionic polymerization using n-
butyllithium as an initiator and methanol as a terminator. The
number-average molecular weight (Mn) and molecular weight dis-
persity (Mw/Mn), whereMw is the weight-average molecular weight,
of PI measured by gel permeation chromatography with polystyrene
standards were 91k and 1.08, respectively. The bulk Tg of PI by dif-
ferential scanning calorimetry (DSC6220, Seiko Instrument, Inc.) was
211 K. Trimethylolpropane tris(3-mercaptopropionate) (TMMP) and
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819)
were used as a cross-linking agent and a photocleavable initiator,
respectively. Solvents of n-hexane, deuterated n-hexane (n-hexane-
d14) and toluene were used without further purification. Chemicals,
except for n-hexane (Kanto Chemical Co., Inc.) and toluene (Wako
Pure Chemical Industries, Ltd.), were purchased from Sigma-Aldrich,
Co. LCC. Fig. 1 shows chemical structures of PI, TMMP and Irgacure
819. They were all dissolved in toluene. The weight fractions of PI,
TMMP and Irgacure 819 to toluene were 5.0, 5.0 � 10�2 and
2.5 � 10�2 wt%. Thin films of PI containing cross-linking agent and a
photocleavable initiator were prepared by spin-coating from a so-
lution onto quartz substrates or silicon wafers with a native oxide
layer. Then, the films were irradiated with ultraviolet light with a
wavelength of 365 nm and an intensity of about 100 mW cm�2 for
15 s to promote the cross-linking reaction. The detailed reaction
scheme is described elsewhere [53]. The films were eventually
washed with toluene to eliminate unreacted chemicals. After drying,
the film thickness was evaluated by ellipsometry (M150, JASCO Co.).

2.2. Measurements

To examine the distribution of the cross-linking agents along the
direction normal to the surface, dynamic secondary ion mass
spectrometry (DSIMS) was performed using a SIMS 4000 (Atomika
Fig. 1. Chemical structures of (a) PI, (b) TMMP and (c) Irgacure 819.
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Analysetechnik GmbH). To attain a steady state sputtering for the
sample, a sacrificed deuterated PS (dPS) film with a thickness of
about 100 nm was deposited on the cross-linked PI film by a
floating method. Then, a gold layer was deposited on the film to
avoid charge-up during the measurements. The incident beam of
oxygen ions with a voltage of 4.0 kV and a current of 35 nA was
focused onto a 400 mm � 400 mm area of the sample surface. NR
measurements were performed on the Soft Interface Analyzer
(SOFIA at beam line No.16 in the Materials and Life Science Facility,
Japan Proton Accelerator Research Complex, Tokai, Japan) [54,55].
Neutron beams were introduced onto the film from the air side for
measurements in air, and from the quartz side for measurements in
n-hexane-d14. NR data were then collected as a function of scat-
tering vector q given by (4p/l)$sin q, where l and q are the wave-
length and the incident angle of the neutrons, respectively. The
analyses of NR data were carried out using Motofit software [56].
The scattering length density (b/V) values for quartz, PI and n-
hexane-d14 were taken as 3.48 � 10�4, 0.27 � 10�4 and
6.14 � 10�4 nm�2, respectively. Reflectivity (XR) measurements
using X-rays with a wavelength of 0.154 nm were also made for a
non-cross-linked PI film on a silicon wafer, which was rinsed 3
times in toluene for 10 min each time, so that the thickness of the
adsorbed PI layer on the substrate could be analyzed. The obtained
XR data were analyzed with Parratt32 software based on Parratt's
algorithm. Ellipsometry was also conducted using a Xe light source
with a wavelength of 633 nm. The surface morphology and thick-
ness of the sample film in air and in n-hexane were examined by
atomic force microscopy (AFM, E-sweep with an SPI3800
controller, SII NanoTechnology Inc.) in dynamic forcemode at room
temperature. Cantilevers with a spring constant of 1.6 N m�1 and a
resonance frequency of 28 kHz were used. The measurements were
conducted in air, and in n-hexane after immersing the sample film
in n-hexane for 12 h.

3. Results and discussion

The density profile of a thin cross-linked PI film spin-coated on a
quartz substrate along the direction normal to the interface was
examined by NR. Panel (a) in Fig. 2 shows NR curves for the PI film
in air and in n-hexane-d14, which is typically a good solvent of PI. To
create a contrast at the PI/n-hexane interface, n-hexane-d14 was
used in this test. The curve acquired in air exhibited clear Kiessig
fringes resulting from constructive and destructive interference of
neutron beams reflected from the air and quartz interfaces. On the
other hand, the curve in n-hexane-d14 showed a narrower fringe in
a low-q region. Once q went beyond 0.4 nm�1, the fringes dis-
appeared. An intuitive interpretation of these results is that the PI
filmwas swollen, leading to a thickening of the film and a diffusing
of the n-hexane-d14 interface.

To confirm this hypothesis, NR curves were fitted by a layer
model. The best fit reflectivity curves were obtained using model
depth profiles of (b/V) shown in panel (b) of Fig. 2. For the curve fits
of both air and n-hexane-d14, the mass conservation of PI was
considered. For the PI film in air, the thickness estimated was
44.1 nm using a simple 1-box model with interfacial roughness.
This value was in good accordance with the results by XR and AFM.
It is noteworthy that (b/V) was constant through the PI film. The (b/
V) values of TMMP and Irgacure 819 were 0.87 � 10�4 and
1.58 � 10�4 nm�2, respectively, and larger than the value of
0.27 � 10�4 nm�2 for PI. Thus, it seems most likely that the cross-
linking agents were homogeneously distributed along the normal
direction in the film. This is discussed later based on DSIMS
measurements.

When the curve for the cross-linked PI film in n-hexane-d14 was
fitted, a 3-layer model with respect to (b/V) was adopted, as shown
of cross-linked polyisoprene at the solid interface, Polymer (2016),



Fig. 2. (a) Neutron reflectivity curves for a cross-linked PI film in air and n-hexane-d14.
Open symbols depict experimental data and solid and dotted lines represent the
reflectivity calculated on the basis of the scattering length density (b/V) profiles shown
in (b).

Fig. 3. (a) NR curves for a cross-linked PI film in air and n-hexane-d14. Open symbols
depict experimental data and solid lines represent the best-fit reflectivity calculated on
the basis of the model (b/V) profiles shown in (b). Experimental data are the same as
those in Fig. 2. (a). As a fitting model in n-hexane-d14, a single layer (1-l) and a double
layer composed of interfacial and bulk layers (2-l) were used.
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in panel (b) of Fig. 2. This was because the 1- and 2-layer(s) model
(1-l and 2-l model, respectively) did not fit the experimental data
well. Fig. 3 shows the fitting results using 1- and 2-layer(s) models.
The fitting parameters for the 3-layer model are shown in Table 1.
The thickness of the film increased from 44.1 to 67.0 nm. This
changewas also confirmed by AFM in n-hexane, as shown in Fig. S1,
although the thickness measured was slightly lower (~64 nm). This
is probably because the swollen filmwas quite soft and was pushed
down by the AFM tip. Alternatively, since the PI/n-hexane interface
is quite ill-defined, there would be variability in the measurements.
The (b/V) value of the film also increased due to the penetration of
n-hexane-d14. As marked in Fig. 2(b), the film can be divided into
the three layers: a ca. 4 nm-thick interfacial layer with quartz, a ca.
11 nm-thick intermediate layer, and a bulk layer.
Please cite this article in press as: S. Shimomura, et al., Unswollen layer
http://dx.doi.org/10.1016/j.polymer.2016.07.047
The (b/V) value of the interfacial layer was almost the same as
that of the pure PI, meaning that chains near the substrate did not
swell much, even when a good solvent was used. We believed that
the interfacial layer was associated with “tightly adsorbed” bound
rubber, or a “dead layer”, as suggested in many previous reports. If
that was the case, the thermal mobility of chains in the interfacial
layer would be suppressed by the presence of the substrate. For
example, using pulsed NMR, Nishi found that the spin-spin relax-
ation time in the bound rubber layer for a system of natural rubber
and carbon black remained unchanged even in CCl4 [4]. This finding
tells us that rubbery chains in the bound rubber layer do not swell
much, even in a good solvent. Similar results were also reported by
many other groups [4,8,9,11,14,57,58]. Why chains at the solid
interface do not swell much, even in a good solvent, can be
explained in terms of thermodynamics; the number of contacts
between chain segments and the substrate surface does not
decrease [46].

There existed an intermediate layer, which was less swollen
than the bulk region, between the interfacial layer and bulk region.
of cross-linked polyisoprene at the solid interface, Polymer (2016),



Table 1
Parameters obtained from the fitting results shown in Fig. 2(b).

Model hi/nm (b/V)i$104/nm�2 sj/nm c2�103

h1 h2 h3 (b/V)1 (b/V)2 (b/V)3 s1 s2 s3 s4

Air 44.1 ± 0.2 e e 0.36 ± 0.02 e 1.4 ± 0.2 1.3 ± 0.1 e e 1.7
n-hexane-d14 52.0 ± 0.8 11.2 ± 0.7 3.8 ± 0.9 3.10 ± 0.09 1.30 ± 0.05 0.36 ± 0.03 9.0 ± 0.2 7.2 ± 0.4 0.2 ± 0.1 1.3 ± 0.1 7.1

Fig. 4. (a) DSIMS profiles and (b) calculated depth profiles of volume fractions of cross-
linking agents in a cross-linked PI film.
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Assuming a simple additivity rule without allowing for density
change, the volume fraction (f) of PI is given by:

ðb=VÞ ¼ ðb=VÞPI$fþ ðb=VÞdhex$ð1� fÞ; (1)

where the subscripts PI and dhex are PI and n-hexane-d14,
respectively. The f in the intermediate layer ranged from 0.54 to
0.84, which is significantly higher than that in bulk. Takenaka et al.
studied the same issue for SBR with silica particles in n-hexane by
contrast variation small angle neutron scattering. They found an
interfacial dense layer with a polymer volume fraction of 0.61 in n-
hexane [19]. Our result is in good accordance with their results.
Hence, the presence of the intermediate layer is not unique in our
current system. Considering the density profile of this intermediate
layer that is between the interfacial “tightly adsorbed” layer and the
bulk layer, it seems most likely that the intermediate layer is
composed of “loosely adsorbed” chains, which can be swollen to
some degree, as mentioned in previous reports [59].

PI swelledmore in the bulk layer than in the interfacial adsorbed
layers, in which chains are loosely adsorbed onto the quartz sub-
strate. In this case, the existence probability of PI segments should
decrease with a distance from the quartz interface. On the other
hand, this was not the case in the bulk layer. The network in the
bulk homogeneously swells. The f in this layer was calculated to be
about 0.53. Postulating a one-dimensional swelling model for the
thin film, where there is no swelling along the direction parallel to
the interface, a modified Flory-Rehner equation was used to
determine the cross-linking density in the layer [60e62].

v ¼
n
lnð1� fÞ þ fþ cf2

o.
fð1=2ÞVdhexðf� 2Þ g; (2)

where v is the cross-linking density, Vdhex is the molar volume of n-
hexane-d14, and c is the Flory-Huggins interaction parameter for PI
with n-hexane-d14. Vdhex and c values of 1.32 � 10�4 m3 mol�1 and
0.47 were used, respectively [63], to calculate the v value of
9.3 � 104 mol m�3. From this number, the average molecular
weight of PI between cross-linking points is estimated to be about
1.0 � 103. That is, there exist 22 isoprene monomers between the
cross-linking points. This value is similar to the expected value of
36 monomers based on the stoichiometric ratio between PI and the
cross-linking agent.

The distribution of cross-linking agents along the direction
normal to the interface through the film should be confirmed. Panel
(a) of Fig. 4 shows the SIMS depth profiles of H�, D�, C�, Si�, P� and
S� in a PI filmwith cross-linking agents. D� from the sacrificed layer
of dPS and Si� are markers that define the surface and substrate
interface, respectively. Panel (b) of Fig. 4 shows concentration
profiles of TMMP and Irgacure 819, which were calculated on the
basis of the etching time dependence of S� and P�, respectively
[64]. At a glance, the concentrations of TMMP and Irgacure 819 are
almost constant through the film. It is noteworthy that their values
correspond well with the initial amounts fed. However, careful
reading of Fig. 4(b) reveals that the concentrations of TMMP are
only slightly lower at the surface and slightly higher at the substrate
interface than in the internal region of the film. That is, TMMP with
a surface free energy higher than PI is depleted and segregated at
Please cite this article in press as: S. Shimomura, et al., Unswollen layer
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the surface and substrate interface. However, the extents of the
surface segregation and interfacial depletion of TMMP were less
than 0.5 vol%. Hence, the cross-linking density may show little or
no change at the surface and substrate interface.

The relation between bound rubber and tightly adsorbed chains
at the substrate interface is discussed further. Here, a PI film
without cross-linking was similarly spin-coated on a quartz sub-
strate and then thoroughly washed. The thickness of the residual
adsorbed PI layer was examined. Fig. 5 shows XR curves for the
reference substrate and PI adsorbed layer. Fitting with a simple
layer model revealed that the thickness of the layer of adsorbed PI
of cross-linked polyisoprene at the solid interface, Polymer (2016),



Fig. 5. XR curves for the quartz substrate and PI adsorbed layer. Symbols and solid
lines denote experimental and calculated reflectivity, respectively.
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chains after sufficient washing was 1.1 nm. This result was well
supported by independent AFM and ellipsometry measurements. A
point, which should be emphasized, is that the thickness of the
interfacial bound rubber layer seen in Fig. 2 is larger than that of the
tightly adsorbed layer from the film without cross-linking in Fig. 5.
The difference in the two films shown in Figs. 2 and 5 is due to the
presence of cross-linking. Since the molecular weight of the PI
chains effectively becomes larger after the cross-linking reaction,
the adsorbed layer should be commensurately thicker [37].

In conclusion, we applied NR measurements to a cross-linked PI
film on a quartz substrate in a good solvent and found that it het-
erogeneously swelled along the direction normal to the interface.
There exists an interfacial layer with little swelling and an inter-
mediate layer with some swelling at the substrate interface. These
layers are related to descriptions of bound rubber mentioned in
previous reports. We also characterized a non-cross-linked PI film
on the substrate after washing it with a good solvent using XR. The
residual adsorbed layer was thinner than the layer showing little
swelling. This implies that the aggregation states and thus the
mechanical properties of bound rubber should be controllable by
cross-linking the rubber chains.
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