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ABSTRACT: We report in situ nanostructures and dynamics of polybutadiene
(PB) chains bound to carbon black (CB) fillers (the so-called “bound polymer layer
(BPL)”) in a good solvent. The BPL on the CB fillers was extracted by solvent
leaching of a CB-filled PB compound and subsequently dispersed in deuterated
toluene to label the BPL for small-angle neutron scattering and neutron spin echo
techniques. The results demonstrate that the BPL is composed of two regions
regardless of molecular weights of PB: the inner unswollen region of ≈ 0.5 nm thick
and outer swollen region where the polymer chains display a parabolic profile with
a diffuse tail. In addition, the results show that the dynamics of the swollen bound
chains can be explained by the so-called “breathing mode” and is generalized with the thickness of the swollen BPL.

Polymer nanocomposites have been of great interest to the
broad materials community for at least the last three

decades.1 The addition of nanoparticles to polymers affects the
overall rheological and mechanical properties mainly due to the
creation of a “bound polymer layer (BPL)” on a particle
surface.2−10 The most thorough experimental and theoretical
studies on BPLs have been carried out on carbon black (CB)-
filled rubber systems11−16 used for automobile tires. A
nanometer-thick BPL is typically formed on the CB surfaces
and is resistant to dissolution even in a good solvent.17 In
theory, the interactions between polymers and particle surfaces
restrict a molecular motion which correlates with increased
resistance to mechanical deformation as compared to free
polymers that locate away from the particle surface.18 This
restricted chain motion was indicative in various polymer
nanocomposites by nuclear magnetic resonance (NMR)
spectroscopy experiments.5−8,19,20 In addition, the existence
of an “interphase” with the property between those of the BPL
and the bulk has been hypothesized as the origin of long-range
propagations of the effects of the BPL.21−25 However, it is
challenging to distinguish the bound polymer chains or the
interphase from the bulk experimentally, because they are all
composed of the same component.25,26 Hence, a molecular
scale description of real conformations of the bound polymer
chains, which is crucial for a better understanding of the
reinforcement mechanism at the interface, remains unclear.7,27

To overcome this difficulty and provide detailed nanometer-
scale descriptions at the polymer/filler interface, we use small-
angle neutron scattering (SANS) and neutron spin echo
(NSE). In addition, we use simplified industrial polybutadiene
(PB)/CB nanocomposites as a model. A novel aspect of CB
along with its practical importance is the scattering length
density that is nearly identical to those of deuterated solvents or
polymers, allowing “contrast matching” neutron scattering
experiments28 to gain information about the bound polymer
chains selectively. Furthermore, as will be discussed later, the
PB bound layer on the CB filler can be considered as a “slab”
configuration such that neutron reflectivity (NR) can also be
used as a complementary tool to investigate the polymer
concentration profile (in the direction normal to the solid
surface) in a solvent. We here focus on the CB fillers with the
BPL dispersed in a good solvent where the unique collective
dynamics of the bound chains is revealed within the time and
space domains of the NSE technique. The experimental
findings would be then useful to discuss how the structures
and dynamics are altered when the bound polymer chains
entangle with free polymer chains in polymer solutions.
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A spherical CB filler (the density of 1.8 g/cm3) with mostly
nonfused aggregates (Asahi Carbon Co., Japan) was used.29

The mean radius (RTEM) of the CB filler was determined to be
(43 ± 20) nm from transmission electron microscopy (TEM)
experiments (Supporting Information). Three different kinds of
hydrogenated polybutadiene (hPB) were utilized for the
SANS/NSE experiments: Two are monodisperse hPB
(number-average molecular weight (Mn) = 38 kg/mol,
polydispersity (Mw/Mn) = 1.05, Polymer Source, Inc.), and
Mn = 115 kg/mol (Mw/Mn = 1.03, Sumitomo Rubber) as
models; the other is relatively polydisperse hPB (Mn = 157 kg/
mol, Mw/Mn = 2.7, Ube Industries, ltd. Japan) to discuss the
polydispersity effect on the structure of the BPL (Supporting
Information). Hereafter we denote them as PB38k, PB115k,
and PB157k, respectively. The preparation of the hPB bound
layer on the CB filler is summarized in Supporting Information.
The thicknesses of the BPL were estimated to be (4.5 ± 0.5)
nm for PB38k and (7.0 ± 0.5) nm for PB115 K and PB157k,
respectively. Hereafter we assign the CB filler covered with the
BPL layer as “BPL-coated CB”. To label the BPL for the SANS
and NSE experiments, deuterated toluene (d-toluene, degree of
deuteration of 99.8 %, Cambridge Isotope Laboratories, Inc.,
MA) was used: the scattering length density (SLDd‑toluene = 5.7
× 10−4 nm−2) is nearly identical to that of the CB filler (SLDCB

= 6.0 × 10−4 nm−2). The BPL-coated CB fillers were dispersed
in d-toluene using an ultrasonic bath. The volume fraction of
the CB fillers (ϕ) was fixed to 1.8 % so as to prevent
aggregation of the CB fillers. We confirmed that the BPL-
coated CB fillers were stable in d-toluene for at least 30 days
(i.e., no precipitation).
Figure 1a shows a representative SANS profile from the

BPL(PB38k)-coated CB in d-toluene at 25 °C. SANS profiles

were measured as a function of the scattering vector, q = (4π
sin θ)/λ, where 2θ is the scattering angle and λ is the neutron
wavelength. Since distinct scattering maxima from a core−shell
type form factor are not clearly seen, we utilized the unified
equation for hierarchical structural analysis of nanoparticles30

with further consideration of an interfacial root-mean-square
roughness (σ) between the BPL-coated CB and d-toluene:31
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where Rg,BR is the radius of gyration of the entire BPL-coated
CB fillers, and α, β, A, B, and C are numerical constants. The σ
value of 2.3 nm was used based on a NR experimental result
about a BPL mimicked on a chemically similar flat surface, as
shall be discussed later. The detail of the fitting using eq 1 is
summarized in Supporting Information. The best-fit to the data
(the dotted line in Figure 1a) in the low-q region (q < 0.1
nm−1) gave us the Rg,BR value of (57 ± 1) nm. At the same
time, the bare CB fillers (without the BPL) dispersed into d-
toluene were characterized using small-angle X-ray scattering at
the beamline x27C, National Synchrotron Light Source
(Upton, NY). The same analysis using eq 1 (excluding the
contribution of σ) gave the radius of gyration (Rg,CB) of the
pure CB fillers to be (49 ± 1) nm, which is 1.5 × larger than
that of the primary CB particles (Rg,TEM = (3/5)1/2RTEM = 33
nm). Based on the volume consideration, it is reasonable to
deduce that about 3 (= (Rg,CB/Rg,TEM)

3) CB primary particles
are fused together into the aggregates.32,33 The total thickness
of the swollen BPL (l) is then approximated l = Rg,BR − Rg,CB =
8 nm for PB38k. Hence, the BPL swells in the solvent, as
previously reported.31 Note that no significant temperature
dependence of the structure was observed.
Another important feature of the SANS profile is the excess

scattering at high q, that is, the deviation from eq 1 (Figure 1a).
Figure 1b shows the excess scattering (black symbols) after
subtraction of the scattering intensity computed by eq 1 from
the observed SANS data.34 It should be emphasized that the
polydispersity effect of the filler size is not crucial for the
estimation of the excess scattering at q > 0.2 nm−1. As will be
discussed below, the observed SANS data consists of two
contributions: the static structure factor S(q) of the BPL and
density fluctuations in the BPL. To evaluate the two
contributions separately, the following strategies were com-
bined: The CB filler is approximated as a “planar” geometry
since the size of the CB aggregates by far exceeds the BPL
thickness; we thus mimic a BPL on a chemically similar flat
substrate such that the polymer concentration profile in the
direction normal to the solid, ϕ(z), can be independently
studied by using NR. S(q) can be then calculated by

∫ ρ ϕ=S q z iqz z( ) ( )exp( )d
L

0 0

2

(2)

where ρ0 is a contrast difference between the polymer and
solvent. For this purpose, we deposited a carbon layer via
sputtering on a Si substrate (Supporting Information). To
prepare the BPL on the substrate, we reproduced the
established protocol for PB:35 An approximately 80 nm thick
deuterated PB (dPB, Mw = 233 kg/mol, Mw/Mn = 1.14,

Figure 1. (a) SANS profile of the BPL (PB38k)-coated CB in d-
toluene at 25 °C. Note the incoherent scattering intensity is subtracted
from the data. (b) Excess scattering (symbols) after subtraction of the
filler scattering calculated by eq 1 (dotted line in (a)). The red solid
line corresponds to the best-fit to the data based on the volume
fraction profile of the BPL vs the distance (z) from the CB surface
shown in the inset. The dashed blue line corresponds to S(q) in eq 5
and the difference between the red and blue lines corresponds to the
contribution from the fluctuations, that is, the origin of the breathing
dynamics.
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Polymer Source) spin-cast film on the carbon-coated Si
substrate was annealed at 100 °C for up to 72 h under
vacuum; the film was then leached in baths of continuously
replenished toluene at 20 °C until the thickness of the residue
layer remained unchanged. We confirmed that the homoge-
neous dPB bound layer of (4.9 ± 0.5) nm in thickness (in the
dry state) was formed on the substrate (Supporting
Information). Further in situ NR results evidenced that ϕ(z)
of the dPB bound layer in hydrogenated toluene (h-toluene,
Sigma-Aldrich, ACS reagent, >99.5 %) can be well approxi-
mated as a parabolic function with the inclusion of a tail
(Supporting Information), as experimentally reported for an
end-grafted polymer chain in a good solvent.36 Hence, to a first
approximation, the ϕ(z) data can be used to represent the
swollen BPL on the CB filler. Below we demonstrate how to
refine ϕ(z) from the simultaneous fits of the SANS and NSE
data.
Figure 2 shows representative normalized intermediate

dynamic structure factors (i.e., I(q,t)/I(q,0)) of the BPL-coated

CB with the two different hPB in d-toluene at 50 °C. From the
figure we can see that even at the largest q value used (q = 1.66
nm−1), all the I(q,t)/I(q,0) functions are not fully relaxed at the
Fourier times of up to 20 ns. However, the q-dependence of the
plateau-like behavior indicates that the polymer chains are still
in motion in the solvent.25 Hence, the overall dynamic structure
factors including the tails cannot be described by segmental
chain dynamics in a solvent, such as the Rouse model37 and
Zimm model.38 We instead assume that the initial fast decay
and slow tail is attributed to collective motions39−41 of the
bound polymer chains. On the theoretical side, de Gennes
elucidated the collective relaxation process of physically
adsorbed polymer chains in a good solvent: the so-called
breathing mode determined by a balance of a restoring force
due to the osmotic pressure gradient and a viscous force
exerted on a polymer.42 Farago and co-workers39 formulated

the dynamic structure factors of tethered chains in a solvent
accounted for the breathing mode.
To quantify the NSE data based on the breathing mode, we

continuously approximate the planar geometry such that the
equation of a local displacement u(z,t) of the adsorbed chains
along the normal (z) direction of the surface is given by39
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where E(z), ηs, and ξ are the osmotic compressibility, the
viscosity of the solvent, and the correlation length (i.e., a blob
size),43 respectively. On the basis of the scaling theory for
semidilute solutions,43 the relations of ξ = cz and E(z) =
E0kBT/ξ

3 (c and E0 are numerical constants, and kB is the
Boltzmann constant) are given. As for the time decay, eq 3 has
a solution of a simple exponential function:39

τ= −u z t u z t( , ) ( )exp( / )n n (4)

In addition, due to the boundary conditions, eq 3 is a
Sturm−Liouville boundary value problem with eigenvalues, 1/
τn = (kBT/6πηsc)(E0Λn/(zmax)

3), Λn ≃ anb + e (n = 1, 2, ... and
a, b, and e are constants) and eigen functions un(z) for the
displacement (Supporting Information). zmax corresponds to
the maximum height of the BPL, including the tail. The
intermediate dynamic structure factor with a mode n, In(q,t),
depends on the density fluctuation, δρ = d(ϕ(z)un(z,t))/dz,
and I(q,t)/I(q,0), which is given by the summation of
contributions In(q,t) from mode n (n ≤ 10 in the present
case), is given by the same protocol established previously:39
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where γ = (kBT/6πηsc)(1/(zmax)
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with q ̃ = qzmax and z ̃ = z/zmax. To optimize the two unknown
parameters (E0, γ) and ϕ(z), we simultaneously fit the NSE and
SANS data (i.e., I(q,0) in this case) for PB38k with eq 5 and the
denominator of the right-hand side of eq 5 using a nonlinear
least-squares data fitting. We found that, as shown in
Supporting Information, both the SANS and NSE data could
not be reasonably fit with S(q) computed from the simple
parabolic function ϕ(z). Instead, taking previous experimen-
tal23,44,45 and computational46 results into account, a two-layer
structural model with inclusion of a less swollen adsorbed layer
next to the filler surface was adopted:
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where ϕa is the polymer segment volume fraction of the
adsorbed layer, ϕm is the extrapolated volume fraction to z = 0
from the pseudobrush part, and L is the cutoff thickness of the
swollen pseudobrush layer. In addition, we introduced a tail to
fit the data by convoluting eq 7 with a normalized Gaussian
function.36 As a result, it was found that the two-layer model
(shown in the inset of Figure 1b) fits the SANS and NSE data

Figure 2. Measured I(q,t)/I(q,0) (symbols) and best-fits of the
breathing model (lines) at the three different q values at 50 °C. The
error bars represent ±1 standard deviation.
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reasonably (the solid lines in Figure 1b and Figure 2). The best-
fits indicate that the inner region of z1 = 0.5 nm does not
contain any solvent (ϕa = 1), while the polymer chains in the
outer region are expanded parabolically with zmax = (8.0 ± 1.0)
nm and ϕm = (0.34 ± 0.03) (the inset of Figure 1b). Note that
we ignore the dynamics of the inner unswollen layer which
would be too slow to see within the NSE time domain.47 The
same fitting protocol was applied to the SANS and NSE data
for the BPL (PB157k)-coated CB in d-toluene. The best-fit
results gave us a nearly identical ϕ(z) profile to that of the
PB38k (the inner unswollen layer of ≈ 0.5 nm thick and ϕm =
0.34 ± 0.03), except zmax = (11.0 ± 1.0) nm for PB157k (data
not shown). Hence, the following important conclusions are
drawn: the conformations of the bound chains composed of the
different chain lengths remain unchanged and ϕ(z) can be
scaled with zmax of the swollen BPL layer. This is consistent
with a self-consistent field study at the solid-polymer melt
interface:48 the fraction of loops per an adsorbed chain is nearly
constant (≈ 30 %) for polymers at N > 300 (N: the degree of
polymerization). At the same time, we found that the E0 values,
which relate to the chain elasticity and are predicted to be on
the order of 1,43 are nearly equivalent (E0 = 0.20 ± 0.09) for
the two different PB. We will discuss this point later. It should
be emphasized that the γ values obtained (γ38K = 0.11 ± 0.06
for PB38k and γ157 K = 0.033 ± 0.007 for PB157k) hold the
aforementioned relationship (i.e., γ ∝ 1/zmax

3) with the same
overall time scale of ≈ 1 ns. Hence, we may conclude that the
breathing dynamics of the BPL can be generalized with the
scaled thickness of the swollen BPL in the same (good) solvent
when the size of the filler by far exceeds the BPL thickness.49

Further experiments to explore various effects including the
osmotic compressibility, grafting density, and the size of the
nanofillers on the breathing mode34 deserve future work.
Our SANS results remind us of previous NMR results which

denoted two types of adsorbed chain segment sequences with
different chain mobility in CB filled elastomers:7,8 (i) chain
fragments whose local mobility is significantly hindered at the
filler surface, resulting in an immobilized polymer−filler
interfacial layer of ≈ 0.6 nm thick; (ii) chain fragments located
outside the immobilized interface whose large spatial scale
mobility is constrained due to chain adsorption, i.e., the
formation of loosely bound chains. It is known that irreversibly
adsorbed polymer chains form three types of segment
sequences, “trains”, “loops”, and “tails”.43 According to the
molecular theory of rubber elasticity, stiffness of rubber
depends on number density of “strands” between two
neighboring entanglement points.50 Provided that the loops
of the bound polymer chains are regarded as the strands, it is
reasonable to suppose that the bound chains with more loops
become more elastic, as Patton and co-workers evidenced.51

Hence, the aforementioned finding in E0 suggests that the
number density of the loops on the CB filler (i.e., the effective
grafting density of the bound chains) is identical for the PB
chains with different Mw. This may be supported by the
experimental evidence that the degree of the chain expansion
for the two different bound chains in the good solvent is
comparable.52

In summary, with the rational design of the experimental
system and a suite of experimental techniques, we could reveal
the in situ structure and dynamics of the bound polymer chains
on the filler surface at the nanometer scale. This detailed
knowledge can then be used to fill the gap between the
microscopic structure/dynamics and macroscopic properties.

Recently, Harton and co-workers9 have demonstrated that the
interfacial structure at the polymer−filler interface can be tuned
by changing the curvature of the filler. Moreover, the density
profile of a bound polymer chain to a nanoparticle surface may
depend on the magnitude of a polymer-surface interaction.46

Hence, systematic neutron scattering experiments with various
types of polymers and nanoparticles would enable us to seek
“nanoscale principles” at the interface.
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