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ABSTRACT

Silica nanoparticles in polybutadiene nanocomposites cause significantly hindered polymer dynamics in the form of a glassy 

layer, which can extend more than 10 nm from the nanoparticle surface. We present experiments for a well- defined series of 

these nanocomposites to contrast the contributions of free chain ends versus hindered dynamics on the non- linear rheological 

effects associated with energy loss in transport. Quasi- elastic neutron scattering (QENS) experiments using isotopic labeling and 

interfacially- active polymers enabled quantification of the glassy layer's thickness, which we relate to the strain softening (Payne 

effect), energy dissipation and the previously established nanostructure of the materials. We explored the thickness of the glassy 

layer from near the bulk glass transition temperature up to 363 K, in the presence or absence of nanoparticles and interfacially 

active polymers. Although the glassy layer becomes thinner with increasing temperature, it remains significant (> 3 nm) even 

when the sample is more than 180 K above the bulk glass transition temperature. This layer can account for the substantial levels 

of reinforcement, up to a factor of 20, and energy dissipation observed in silica filled rubbers beyond values expected from par-

ticle volume fraction arguments alone. Since the interfacially- active polymers simultaneously inhibit nanoparticle aggregation 

and introduce polymer chain ends to the interparticle region, these experiments provide a direct test of whether energy loss in 

reinforced nanocomposites is attributable to “glassy bridges” between particles or chain ends. We show that while chain ends 

may be significant at low strain, below 1%, the percolation of the glassy layer of hindered polymer dynamics between silica parti-

cles dominates the Payne effect at high strain (~10% or more) and that this contribution can be dramatically reduced by sufficient 

steric stabilization to the nanoparticles.

1   |   Introduction

Filled rubbers display significant non- linear reinforcement of 
the elastic modulus, which greatly improves material strength, 
but unfortunately is also associated with a strain softening phe-
nomenon, the Payne effect [1–3]. In road transport, this effect 
contributes to the rolling resistance of tires, which has been 

attributed to 11.5% of the energy consumption of passenger cars 
[4]. While this effect may be valuable in some circumstances, 
such as viscoelastic damping in construction materials [5], it is 
usually regarded as undesirable. Better understanding and con-
trol of this behavior is necessary for transport, which is an im-
portant challenge area connecting to United Nations Sustainable 
Development goals, notably UNSDG7—Affordable and clean 
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energy and USDG13—Climate change [6]. These energy dissipa-
tion effects are noticeably more present in composite materials 
than in their constituent components; therefore, attempts to un-
derstand and control these effects naturally tend to focus on the 
interfaces that are created when composites are produced [7].

Interfacial interactions are reported to convey reinforcement 
to composite materials through several mechanisms, including 
trapped entanglements [8], dynamic heterogeneity [9] or the for-
mation of a glassy layer of polymer around filler particles [10]. 
Others contend that reinforcement and strain softening arise 
from filler networking and agglomeration [11–13]. These concepts 
are not mutually exclusive; indeed, the glassy layer may provide 
pathways for filler network formation in the composite, Figure 1a 
[11]. However, it has also been proposed that energy dissipation is 
due to frictional losses associated with chain ends [14]. Here, we 
present experiments to explore and resolve these possibilities by 
using steric stabilization to silica nanoparticles in a series of model 
nanocomposites to enhance nanoparticle separation while simul-
taneously adding polymer chain ends to the inter- particle region 
where strain is amplified. As well as investigating the non- linear 
rheology for these nanocomposites, we use deuterium labeling and 
quasi- elastic neutron scattering (QENS) to determine the range of 
influence of the nanoparticle filler on the polymer dynamics.

The application of QENS to study polymer dynamics in nano-
composites has emerged as a valuable tool [15, 16], notably, with 
the possibility of using isotopic labeling to isolate the dynamics 

of similar components in these complex materials [15, 17–19]. 
The technique of QENS measures the energy transferred be-
tween scattered neutrons and atomic nuclei in a sample, pro-
viding direct characterization of their dynamics. Studies using 
this method by Akcora et al. found an inhibited surface layer on 
PMMA grafted silica composites [20]. More recently, evidence 
for significantly hindered dynamics was reported for polymers 
with attractive interactions to nanoparticles by Bailey et  al. 
[21, 22] and Wagner et al. [23] The dynamics of polymer chains 
at interfaces is an area of considerable interest in its own right 
and has been explored using dielectric spectroscopy, NMR, bulk 
thermal analysis and rheology [24–26]. Authors have reported 
either slowed or accelerated dynamics at interfaces depending 
on the particular system and experimental range studied [27]. 
Separate neutron spin echo experiments confirm that transla-
tional motions of polymer chains are inhibited with the addition 
of nanoparticles [28–30]. These and other related methodologies 
are reviewed in detail elsewhere [18, 31].

We have previously shown that tetrahydroxy- end- functional 
interfacially- active polybutadienes, “4OH- PBd” are highly effec-
tive dispersing agents for silica nanoparticles in a perdeuterated 
polybutadiene (d6- PBd) matrix [32, 33]. SANS experiments re-
vealed the spontaneous formation of a steric stabilizing layer of 
4OH- PBd at the silica nanoparticle interface and dramatic reduc-
tion to the correlation length of silica aggregates, illustrated sche-
matically Figure 1b. In the concentration range of 4OH- PBd- xk 
studied here, the grafting density is sufficiently high to ensure 
well- dispersed silica nanoparticles. We also established with lin-
ear rheology that the silica network that contributes to the elas-
tic modulus at low frequency is disrupted by the end- functional 
polymer [33]. The dispersion of nanoparticles may be important 
in mitigating for strain softening (Payne effect), particularly in 
the case of silica fillers, which can have significantly nonlinear 
rheology arising from agglomeration [3]. These interfacially- 
active polybutadienes become strongly tethered to silica surfaces 
by their OH groups (sticking energy approximately 9–10 kBT) [32], 
and partition almost exclusively to silica interfaces in thin films 
[33]. While it might be expected that dense adsorbed brush layers 
could result in autophobic dewetting [34] of the d6- PBd matrix, we 
did not observe this effect in our SANS studies. We believe that 
this is because the adsorbed layer is insufficiently dense to fully 
exclude the matrix homopolymer because the normalized grafting 
density is lower than in the cases where autophobic dewetting has 

Summary

• QENS reveals location and extent of hindered 
dynamics.

• “Glassy layer”, around silica persists at > 180 K above 
Tg of PBd.

• Energy dissipation at high strain dominated by glassy 
bridges.

• Energy dissipation at low strain dominated by chain 
ends.

• Steric stabilization introduces chain ends but disrupts 
glassy bridges.

FIGURE 1    |    Schematic of silica nanoparticles (dark red spheres) in a polymer nanocomposite. The blue halo illustrates an interfacial layer of 

glassy polymer, which percolates between bare nanoparticles (a) but could be separated into discrete domains by sufficient steric stabilization (b). The 

steric stabilization process, however, does introduce more chain- ends to the interstitial space between the nanoparticles.
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been found. This interpretation was supported by the presence of 
Debye- like scattering in our SANS experiments which strongly 
suggests an appreciable degree of mixing between the adsorbed 
4OH- PBd chains and the free d6- PBd chains. Similar behavior 
was also reported by Phillipe et al. as evidence for chain mixing 
of H/D polymers in the presence of silica nanoparticles [19].

Here, we exploit this behavior, and the unique ability of QENS 
with H/D labeling [15, 35] to highlight the dynamics of the poly-
mer near the silica surface [21]. We quantify the temperature 
dependent thickness of the glassy layer present around nanopar-
ticles and consider these results in the context of non- linear rhe-
ology of the same materials.

2   |   Experimental

2.1   |   Materials

The synthesis and characterization of the tetrahydroxyl end 
functionalized polybutadiene “4OH- PBd- Xk”, where X is the 
approximate molecular weight in kg/mol, have been reported 
in detail previously [32]. Silica nanospheres of average hydro-
dynamic radius 51 ± 6 nm were produced using the Stöber pro-
cess [36]. Non- functionalised hydrogenous (Mn: 136 kg/mol, Mw: 
280 kg/mol, dispersity Ð: 2.07, “PBd- 280 k”) and perdeuterated 
(d6) polybutadiene (Mn: 130 kg/mol Mw: 138 kg/mol Ð: 1.06, 
“d6- PBd- 140 k”) of primarily 1,4 addition were purchased from 
Sigma Aldrich (UK) and Polymer Source (Canada), respectively, 
and used as received. All sample components were dispersed to-
gether in dichloromethane, sonicated to ensure good dispersion 
of the nanospheres, solvent cast, and thoroughly dried.

2.2   |   Non- Linear Rheology

Composites containing PBd- 280 k, 4OH- PBd- 15 k, and Stöber 
silica were subjected to oscillatory strain tests with an AR2000 
rheometer; the oscillation frequency was 1 Hz and the strain was 
varied between 0.01% and30%. We used a similar methodology 
to that established elsewhere to study the viscoelastic properties 
of polymer composites [37–40]. The samples (8 mm diameter, 

1 mm thick) were divided into two sets; the first composite set 
did not contain the end- functionalised polybutadiene, while in 
the second set a 50:50 blend of PBd- 280 k and 4OH- PBd- 15 k was 
the polymer matrix. A series of Stöber silica loadings were inves-
tigated in both sets.

2.3   |   Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements were 
performed using a Perkin Elmer DSC 8000 equipped with liq-
uid nitrogen cooling to determine the calorimetric values of the 
glass transition temperature for composite and blend samples 
[41]. Approximately 10 mg of sample was weighed into a DSC 
pan and cooled to −120°C. After a 2- min isotherm, samples 
were heated at 10°C/min from −120°C to 20°C, and the Tg val-
ues were calculated from the midpoint of the step in heat flow 
using Pyris 13.2.1.0007 software.

2.4   |   QENS Sample Preparation

Samples were formed into 65 × 35 × 0.1 mm sheets using an IR 
sample press. Because QENS experiments over a range of tem-
peratures require long acquisition times, a limited range of sam-
ples were selected, and their details are summarized in Table 1. 
Two control samples with “no silica” were necessary to isolate the 
impact of silica nanoparticles on the PBd and 4OH- PBd dynamics. 
“PBd- 280 k” and “4OH- PBd- 15 k: d6- PBd- 140 k” were compared to 
establish that blending hydrogenous and deuterated polybutadi-
ene had no effect on the dynamics of hydrogenous polymer.

In addition to the two “no silica” controls, three composite 
samples were also prepared and can be classified as sketched 
in Figure 1a,b. Stabilized composite samples contained 50:30:20 
(w/w) silica: d6- PBd- 140 k:4OH- PBd of either 10 or 15 k in 
weight. A fully hydrogenous composite sample of 50:50 (w/w) 
silica: PBd- 280 k was also formed, in which the PBd is not exclu-
sively located adjacent to the silica nanoparticles. Having some 
deuterated unfunctionalised d6- PBd also present in the 4OH- 
PBd- Xk composite samples ensures that the functional polymer 
can locate almost exclusively at the silica interfaces.

TABLE 1    |    Summary of composition of samples prepared for QENS experiments.

Sample name (class) DSC Tg/°C

[silica]/

wt%

[d6- PBd]/

wt%

[hPBd]/

wt% IRIS temp/K IN16B temp/K

PBd- 280 k
(no silica)

−96.7 0 0 100 5, 220, 250, 
280, 310, 363

—

4OH- PBd- 15 k:d6- 
PBd- 140 k
(no silica)

−96.5 0 50 50 5, 220, 250, 
280, 310, 363

5, 220, 250, 
280, 310, 363

PBd- 280 k composite
(composite)

−96.5 50 0 50 5, 220, 250, 
280, 310, 363

220, 250, 280, 
310, 363

4OH- PBd- 15 k composite
(composite)

−98.2 50 30 20 5, 220, 250, 
280, 310, 363

220, 250, 280, 
310, 363

4OH- PBd- 10 k composite
(composite)

−99.4 50 30 20 5, 310, 363 —
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Crucially, comparison of “4OH- PBd- 15 k:d6- PBd- 140 k” with 
“4OH- PBd- 15 k composite” isolates the effect of silica on the dy-
namics of the end functional 4OH- PBd materials. The composi-
tions were chosen to enable these features to be isolated, while 
maintaining sufficient hydrogenous material in the samples to 
obtain a strong QENS signal that was dominated by the hydrog-
enous PBd component. Note that 50% w/w silica in QENS sam-
ples is 26% ± 1% silica v/v.

2.5   |   QENS Experiments

QENS experiments were carried out on the IRIS [42] (STFC 
Rutherford Appleton Laboratories, Harwell Oxford, UK) 
and IN16b [43] (Institute Laue Langevin, Grenoble, France) 
spectrometers. The IRIS spectrometer, with PG002 analyzer, 
yields an energy transfer range of ±0.4 meV with a resolution 
of 17.5 μeV. The IN16B spectrometer at the Institute Laue 
Langevin, Grenoble, France, was used with “unpolished” 
Si(111) monochromators and analyzers to measure over an 
energy transfer range of ±31 μeV with 0.75 μeV FWHM reso-
lution. On IRIS, the use of the graphite 002 analyzer yields an 
observation timescale of dynamics up to 150 ps and a Q range 
of 0.42–1.85 Å−1, where Q is the scattering vector. On IN16B, 
the setup enables the observation of processes on timescales 
up to approximately 4 ns and a Q range of 0.2–1.8 Å−1. Sample 
sheets were inserted into standard annular aluminum cans for 
each spectrometer. Data were collected on both instruments 
at temperatures between 220 and 363 K. These provided a 
spectrum of dynamics measurements ranging from near Tg 
to the maximum operational temperatures of tyre materials. 
Due to time constraints, 4OH- PBd- 10 k composite runs were 
performed only at 310 and 363 K. A subset of these samples 
were examined on IN16B. A baseline at 5 K was run for each 
sample on IRIS, and on IN16B a baseline of the blend sample 
was taken. LAMP [44] software was used for data reduction 
in IN16B. Mantid software [45] was used for data reduction on 
IRIS and for fast Fourier transforming the quasi- elastic scat-
tering peaks to I(Q, t).

3   |   Results

3.1   |   Thermal Analysis

DSC analysis showed that the glass transition temperature of 
the PBd- based QENS samples was relatively independent of the 
PB functionalization or the presence of silica, Table 1. DSC ther-
mograms are provided in Supporting Information S1. Although 
the presence of nanoparticles can have a significant impact on 
Tg, depending on the chemistry and interactions of the polymer 
and the nanoparticle [46], we saw little evidence for this effect 
in our materials. All of the calorimetric Tgs were in the range 
−98.0°C ± 1.5°C (~175 K), with no strong dependence on the 
presence of silica, functionalization, or deuteration. The calori-
metric Tg of polybutadiene is well established to be sensitive to 
the proportion of trans, cis, and particularly vinyl units in the 
polymer chain microstructure [47]. The variations in Tg, which 
are small compared to the temperature range of interest for this 
work, are likely to arise mainly from variations in polymer chain 
microstructure.

3.2   |   Rheology

The influences of steric stabilization and nanoparticle loading 
on non- linear rheology are shown in Figure 2, normalized to the 
limit of linear behavior at low strain. Absolute values for the vol-
ume fraction dependence of G' in the limit of low strain indicate 

FIGURE 2    |    Strain dependence of normalized (a) storage modulus, 

(b) loss modulus, and (c) phase angle for PBd composites, with 25, 30, 

40, 50% (v/v) silica nanoparticles. Data for composites in a pure PBd280k 

matrix are shown as solid points and for (1:1 4OH- PBd- 15 k:PBd280k) 

matrix as hollow points.
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reinforcement exceeds the prediction of a simple Guth- Gold theory 
by an order of magnitude are presented in Supporting Information 
S2. In every sample, there is a plateau region of linear behavior, be-
fore the onset of strain softening, Figure 2a, which is qualitatively 
similar to other filled rubber composites. The linear viscoelastic 
range decreases with increasing silica loading, but is significantly 
extended by the presence of 4OH- PBd- 15 k. The peak in loss modu-
lus, Figure 2b coincides with the early onset of strain softening and 
is typically attributed to the breakdown of an agglomerated struc-
ture, as reported elsewhere [37–39]. Here, the long- range structure 
is suppressed in the composites containing 4OH- PBd- 15 k, which 
keeps the nanoparticles dispersed, hence the loss peak is reduced 
or absent in these samples. Here we note that the loss peak in-
creases dramatically at the highest loading, which presumably 
corresponds to a concentration at which some form of rigid net-
work percolates through much of the sample. The delayed onset of 
strain softening in the samples containing 4OH- PBd- 15 k is clearly 
apparent from the strain- dependence of the phase angle, �, shown 
in Figure 2c, where

3.3   |   QENS

Representative QENS spectra for the 4OH- PBd- 15 k:d6- 
PBd- 140 k blend, PBd- 280 k composite and 4OH- PBd- 15 k com-
posite samples from IRIS and IN16b are shown in Figure 3. 
The scattering signal from each sample is dominated by the 
incoherent contribution from the hydrogenous components. 
(Scattering cross- sections are given in Table S1) For both in-
struments, there is a clear trend from slow to fast dynamics 
in the order 4OH- PBd- 15 k composite < PBd- 280 k composite 
< blend, as seen from the increased peak width. The fastest 
dynamics are found for the sample which contains no silica. 
Intermediate dynamics are found when there is silica, but the 
hydrogenous PBd- 280 k is not functionalized; therefore is not 
located specifically at the silica interface. The slowest dynam-
ics occur when the hydrogenous polymer, 4OH- PBd- 15 k is 
present and is located at the interface of the silica nanopar-
ticles [33].

All QENS spectra were fast Fourier transformed to produce de-
caying intermediate scattering functions. These decays were 
fitted to a Kohlrausch–Williams–Watts (KWW) stretched expo-
nential function of the form,

where A is the background, τ is the characteristic decay time, 
and β is the stretching exponent. The background, A, arises from 
the portion of the material that does not relax over the instru-
mental timescale and so depends on which spectrometer is used 
in each experiment.

The decay time, τ, is an average characteristic time for 
the overall relaxation rate of the matrix, and � can be inter-
preted as a  measure of the dynamic heterogeneity (distri-
bution of rates), where � = 1 implies a single homogeneous 
relaxation rate. For polymer systems � is usually independent 
of temperature and Q [48], and takes values between 0.4 and 
0.6 [49, 50].

Initial fitting was performed to determine the stretching expo-
nent, �, which was constrained between 0 and 1 to prevent un-
physical fits. An average of � values was taken for each sample 
and used as a fixed parameter for a second iteration of fitting, 
which was necessary to avoid overparameterisation [49]. All of 
the I(Q, t) data could be well fitted for each instrument separately 
using Equation  (2), Figure 4. A scaling factor (Figure S3) was 
necessary to obtain overlapping data with a continuously decay-
ing I(Q, t) for both instruments, Figure 5. The Q- dependence of 
this factor follows Debye- Waller behavior and is likely to arise 
because some of the faster dynamics measured on IRIS are too 
energetic for IN16B to detect at short timescales. For this reason 
the IN16B data was scaled with respect to the IRIS data, which 
characterizes the intermediate scattering function in the limit 
of t → 0 more accurately. It was not possible to fit I(Q, t) for the 
combined data over the full dynamic range from 0.005 to 3.5 ns 
consistently with a single stretched exponential (Figure  5, see 
also Figure S3). This is likely to arise because the instruments 
are sensitive to different modes of motion on their respective 
timescales. Over the temperature range of our experiments, 220 
to 363 K, the �

�
 and �� relaxations of polybutadiene are expected 

(1)tan � = G� ∕G��

(2)I(Q, t) = A + (1 − A)e(−t∕�)
�

FIGURE 3    |    Normalized scattering intensity (top) from IRIS for se-

lected samples at 363 K, Q = 1.27 Å−1, and (bottom) IN16B energy trans-

fer peaks for selected samples, temperature = 280 K, Q = 1.23 Å−1. The 

data highlight the influence of silica on the dynamics of functionalized 

and unfunctionalized PBd compared to the blend.
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to occur on a timescale of approximately 0.05 and 0.005 ps re-
spectively [51], which are largely within the range of IRIS but 
largely out of the range of IN16b. On the other hand, IN16b is 
sensitive to slower dynamic processes that have no signature 
in the energy transfer range that can be detected using IRIS. 
Results for IRIS and IN16B (scaled w.r.t. IRIS) are therefore an-
alyzed separately.

Derived values for τ and � (Figure  S4, tabulated values are 
available [52]) show little systematic variation between the sam-
ples, indicating that the major distinction in dynamics arises 
from the portion of “mobile” protons, and not from increased 
heterogeneity.

When silica nanoparticles are included in the matrix, A is sig-
nificantly increased with respect to the unfilled polymer blends. 
Data are included in Figures  S5 and S6 for IRIS and IN16B 
respectively. The silica immobilizes some fraction of the poly-
mer in composite samples, by a much greater amount than 
could be accounted for by its coherent scattering contribution. 
Remarkably, even over the much longer timescale of IN16B, a 
significant proportion of the hydrogenous polymer remains im-
mobile well above the calorimetric Tg (175 K). The only excep-
tion to this observation is at low Q on IRIS where the data are 

noisy, presumably because inherently slow PBd dynamics on the 
larger length scales implied by low Q are not readily detected 
within the range of this spectrometer.

4   |   Discussion

4.1   |   Range of Influence of Silica Nanoparticles on 
Polymer Dynamics

We have previously shown with SANS and linear rheology 
that 4OH- PBd- Xk brush layers can adsorb efficiently to silica 
nanoparticles, providing steric stabilization in nanocompos-
ites and disrupting silica networks [33]. This structural detail 
underpins the interpretation of the dynamics proposed in 
schematic form in Figure 1. In the blend there is no silica to 
alter the dynamics. In the composite, in the absence of 4OH- 
PBd- Xk, Figure  1a, the hydrogenous polymer is present in a 
mixture of environments, “adjacent to” or “remote from” the 
silica. In the composite samples including silica, d6- PBd- 140 k 
and 4OH- PBd- Xk, Figure  1b, adsorption ensures that the 
4OH- PBd- Xk which is the only hydrogenous polymer is “adja-
cent to” the silica. The order of increasingly hindered dynam-
ics (Figure  3) is consistent with this effect being caused by 
silica and being most significant for polymer chains adjacent 
to silica.

We calculate the spatial extent of the inhibited layer by assuming 
that at the silica NP/polymer interface, A = 1 and treat the polymer 
as immobile within the timescale accessible on the QENS exper-
iment. Given that a significant background value was measured, 
even on the IN16B experiments, this assumption is certainly rea-
sonable. An additional boundary is provided by the background 
value in the absence of silica, Ablend. This value defines the immo-
bile fraction at a very large distance from any particle surface. We 
now define D(x) as the fraction of “immobile” material, which is 
initially assumed to decay exponentially with distance, x, from 
each nanoparticle surface,

(3)D(x) = Ablend +
(

1 − Ablend

)

e−x∕d

FIGURE 4    |    (a) Intermediate scattering functions, I(Q, t) measured 

on IRIS, lines are fitted stretched exponential functions, 4OH- PBd- 15 k 

composite at 310 K. (b) Intermediate scattering functions measured on 

IN16B, lines are fitted stretched exponential functions, 4OH- PBd- 15 k 

composite at 280 K.
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FIGURE 5    |    Comparison of IN16B and IRIS intermediate scattering 

functions with scaling, lines are fitted stretched exponential functions, 

4OHPBd- 15 k d6- dPB 140 k blend, 280 K, Q: 1.23 Å−1.
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where d is the characteristic spatial decay length. The spatial 
extent of the hindered dynamics, defined by d, is obtained cor-
rectly when D(x) gives the correct measured value for A, which 
is the average over the entire sample volume. To do this, D(x) 
must be integrated over appropriate limits. The lower limit, 
xmin, is the silica nanoparticle radius, and the upper limit is 
either the thickness of the adsorbed 4OH- PBd- Xk polymer, if 
present, or half the average separation of the silica particles. 
Our previous SANS experiments established the thickness to 
be 13.0 and 15.7 nm for 4OH- PBd- 10 k and 4OH- PBd- 15 k, re-
spectively [33]. In the case of the hPBd composite, the upper 
integration limit was defined by half the calculated lattice pa-
rameter of the notional FCC unit minus the particle radius, 
yielding 26 nm. The remaining volume (i.e., the interstitial 
region not covered by the FCC spheres) was treated as hav-
ing the neat polymer background value and incorporated into 
the calculation of the average background value. Although 
this distribution is clearly imperfect (we previously measured 
a fractal dimension of order 2 at low [4OH- PBd- Xk] [33]), we 

note that as long as this value for the upper limit of integration 
is large and representative of the silica volume fraction, it does 
not introduce a large error.

Figure  6 illustrates the local dependence of D(x) for typical 
conditions of these systems. The red curve shows the spheri-
cally integrated value of A(x) as a function of the upper inte-
gration limit.

where

From the known thickness values of functional 4OH- PBd- Xk 
adsorbed layers, the limits for the integral were defined. This 
is an acceptable approximation since the deuterated bulk does 
not greatly contribute to the incoherent scattering of the system 
(Table S1) [32].

With a single value of d, distinct A values are calculated for 
4OH- PBd- 10 k and 4OH- PBd- 15 k due to the different integration 
limits. This calculation is reversible, and d can be determined 
by comparing and fitting the calculated background values to 
those measured by the QENS instrument, Figure S7. The close 
agreement found between the calculated and experimental val-
ues suggests the simple model gives a reliable measure of the 
dynamics of the glassy layer. The main discrepancies between 
calculation and measurement are at 220 and 363 K, with the 
4OH- PBd- 15 k and fully hydrogenated samples, respectively. 
These samples correspond to the extremes of dynamic range 
for the system, that is, lowest temperature in combination with 
the hydrogenous material being confined to the silica interface 
region, or highest temperature and no silica present. These dis-
crepancies are likely to arise from the limits of the IRIS spec-
trometer, as relaxations outside the range of 4–150 ps, in this 
case close to Tg or over 180 K above Tg, are difficult to measure 
accurately.

The general trend of decreasing d with increasing temperature 
is consistent with the glassy layer being thinner as the tempera-
ture is increased to be well above Tg. If the Payne effect can be 
ascribed to glassy bridges [11], then it would be reasonable to ex-
pect that this effect also decreases with increasing temperature. 
In this respect, our results are consistent with the temperature- 
dependent results of Luo et  al. and Warasitthinon et  al., who 
reported that the Payne effect is less evident with increasing 
temperature [53, 54].

The scaled IN16b data were analyzed in a similar way. The be-
havior is consistent, but systematically shifted to lower d val-
ues because a greater proportion of material can relax on the 
longer timescale characterized by this instrument (Figure  7). 
Qualitatively, the presence of an increased background for com-
posites at these greater timescales lends support to the treatment 
of the silica–PBd interface as immobile.

(4)A(x) =
1

V (x)

x

∫
xmin

x2D(x) dx

(5)V (x) =

x

∫
xmin

x2 dx

FIGURE 6    |    Calculated and volume average KWW background in 

relation to distance from silica surface, up to the limit of integration, 

x = 26 nm.

FIGURE 7    |    Characteristic length for the immobile layer adjacent 

to silica interface, IRIS (full) and scaled IN16B (hollow) and fits to 

Equation (6).
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Figure 7 shows that, particularly for the shorter timescales mea-
sured on IRIS, the apparent thickness of the immobile layer 
surrounding the silica nanoparticles begins to diverge as the 
temperature decreases toward the bulk Tg, 175 K.

The thickness dependence of the immobile layer can be quite 
well described for each instrument by Equation  (6), which is 
adapted from the work of Keddie et al. on thin films, allowing 
for the Tg increasing at the buried silica interface rather than 
decreasing at an exposed air surface [55].

where the fitted parameters, C and �, which describe the length 
scale and shape of spatially dependent glass transition were 
significantly different for each spectrometer when the value of 
Tg was constrained to the calorimetric value, 175 K. By allow-
ing the Tg value to vary between instruments it was possible to 
simultaneously fit both sets of data, but the quality of fit was 
significantly poorer and the floated Tg values ranged from well- 
above to well- below the calorimetric value, which seems phys-
ically unreasonable. Regardless of the fit to Equation  (6), it is 
remarkable and unambiguous that for both QENS experiments, 
the characteristic range of hindered motion is significant (of the 
order 3 nm) even at 180 K above Tg.

4.2   |   Nanoscale Structure and Macroscopic 
Properties of Nanocomposites

The peak observed in the loss modulus with a strain sweep is 
thought to arise from energy dissipation for the breakage of net-
work contacts [56]. Merabia et al. proposed that reinforcement 
and the strain softening resulted from glassy matrix bridges 
aiding in filler networking [11]. From previous SANS experi-
ments, we found that the grafting density for the formation of a 
brush layer coincided with the onset in the dispersion of filler 
aggregates through steric stabilization [33]. We note also that 
this is consistent with the work of Genix et al., who reported 
that grafting on silica nanoparticles could effectively screen the 
slowing of dynamics that would be expected for bare nanopar-
ticles [57]. Although it has been reported that the formation 
of a brush layer itself hinders dynamics [58, 59], this behav-
ior appears to be significant only for dense polymer brushes 
at higher normalized grafting densities than are encountered 
in this work. We have carried out separate QENS experiments 
on crosslinked PBd networks under uniaxial strain. Samples 
were cross- linked versions of the 4OH- PBd- 15 k/d6- PBd blend, 
the PBd280k composite, and the 4OH- PBd- 15 k composite, 
Table S2. The experimental setup is shown in Figure S8, and 
results for the influence of imposed strain on dynamics are 
summarized in Figure  8. The data for the immobile fraction 
measured on IRIS in this crosslinked sample are consistent 
with the trends for the uncrosslinked material: the dynamics 
of the hydrogenous PBd are hindered by the presence of silica, 
and this hindrance is greater when the hydrogenous PBd is con-
fined to the region adjacent to the silica interface. Furthermore, 
these experiments show no discernible effect of stretching on 
chain dynamics in the timescale of ps. We therefore conclude 

that the dynamic effects observed for polymers are dominated 
by their proximity to the silica interface rather than from any 
chain stretching that arises from the adsorption of 4OH- PB- xk 
to this interface.

Finally, we consider the thickness of the glassy layer at ambient 
temperature in relation to the thickness of the tethered brush 
layer of 4OH- PBd- 15 k. At 293 K, the dynamics of the ends of 
the 4OH- PBd- 15 k polymer brush layer, which at 15.7 nm thick 
exceeds the immobile layer thickness by a factor of four, should 
approach bulk behavior. Therefore, the steric repulsion offered 
by the 4OH- PBd should prevent the formation of the glassy 
bridges between nanoparticles. The increasing inhibition of 
strain softening and disappearance of the loss peak in Figure 2, 
for all compositions that include 4OH- PBd- 15 k, shows that the 
Payne effect for these materials is determined by glassy layers 
around silica more than polymer chain ends. It is interesting 
to note that at low strain, the phase angle seen in Figure  2c 
is typically lower for the nanocomposites without the 4OH- 
PBd- 15 k. This observation, albeit limited to shear strains of less 
than circa 1%, does support the point that the introduction of 
more chain ends to a nanocomposite can contribute to energy 
dissipation. However, at higher strains, > 10%, the trend is re-
versed, and the end functional polymer helps to reduce energy 
dissipation.

5   |   Conclusions

We have explored the relationship between nonlinear rheology 
and polymer dynamics in a well- defined series of model nano-
composites. The composites were designed to identify the influ-
ence of silica nanoparticles on polymer dynamics and further 
how this influence changes when the interparticle separation 
and number of free chain ends are simultaneously increased. 
Hindered segmental dynamics extending a few nm from the 
nanoparticle/polymer interface was established and is in gen-
eral agreement with measurements on different polymer nano-
composite systems [30]. The thickness of this layer is dependent 
on temperature, but remains significant, even at relevant oper-
ational temperatures for filled rubbers in tires, which may be 
more than 180 K above the bulk Tg.

(6)
d(T) =

C
(

T

Tg
−1

)1∕�

FIGURE 8    |    Strain dependence of A for cross- linked analogs of PBd 

blends and nanocomposites studied in the present work.
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The loss peak observed in strain softening rheological mea-
surements decreased with the presence of an end- functional 
polybutadiene in the matrix. Suppression of strain softening 
and energy dissipation was determined to arise from the pre-
vention of particle contacts with a sterically stabilizing poly-
mer brush. Knowledge of the polymer brush thickness from 
QENS on labeled nanocomposites provides insight into the na-
ture of these contacts. Our results strongly support the glassy 
bridging model put forward by Merabia when applied to high 
surface energy nanoparticles such as silica. Furthermore, the 
introduction of chain ends to the interparticle region does not 
appear to contribute significantly to energy dissipation under 
solicitation except at very low strain amplitudes. Finally, when 
considering strategies to minimize energy loss in filled rubber 
materials such as tires, our work highlights the need for steric 
stabilization of filler particles on an appropriate length scale 
of 2–20 nm.
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Additional supporting information can be found online in the 
Supporting Information section.  
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