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Abstract

The addition of nanofillers to rubber matrices is a powerful route to improve the
mechanical properties. Here we focus on a molecular understanding of basic mechanisms that are
important for the reinforcement in rubbers. The key role in this process is ascribed to bound rubber
(BR) that engages with the matrix as well as with adjacent nanofillers. So far, this understanding
is impeded by the lack of experimental tools to directly probe the BR chains buried in a polymer
matrix composed of the same polymer. To tackle this challenge, we combine neutron
scattering/spectroscopy techniques with isotope-labeling and molecular dynamics simulations.
The system is a simplified carbon black-filled polybutadiene. The combined experimental and
computational results provide new insight into the local structural and dynamical heterogeneities
of the BR chains and their interactions with the matrix polymer, highlighting (i) the structural
partition of the bound chains into three components (i.e., trains, loops, and tails) with their
fractions; (ii) their dynamical hierarchies, i.e., the trains that remain immobile on the filler surface,
the loops that are fairly large and hence allow the interdigitation of matrix chains, and the tails
with their unique characteristics to reach far out into the matrix and entangle with matrix chains.
These multiple roles of the constituent components of the BR chains promote the formation of a
well-developed adhesive polymer-filler interface, enhancing the elastic property of a filled rubber.
The comprehensive understanding derived and validated with the model rubber will be translatable

to many other polymer nanocomposites.



I. Introduction

Polymer nanocomposites (PNC) continue to be of significant fundamental scientific and
applied interest given their rich array of structural, dynamical and mechanical behaviors that
involve both polymer and colloid science aspects.!-? Carbon black (CB) filled rubbers are known
as the most successful polymer nanocomposites (PNCs) in industry.® The typical sizes of primary
CB fillers used for automobile tires range from a few tens of nanometers to 100 nm. Hence,
compared to micrometer-sized fillers, the surface area of nanofillers increases significantly,
magnifying the importance of polymer-filler interfaces.* In addition, CB fillers used for
automobile tires are not chemically modified, in contrast to “polymer grafted nanoparticles” on
which many experiments and simulations in polymer melts have been reported.?

Twiss made the first observation in 1925 on the effect of “bound rubber (BR)”® (i.e., polymer
chains that physically adsorb on the surfaces of CB fillers and are resistant to dissolution in a good
solvent) on improved mechanical properties of rubbers. In addition, the existence of an interphase
with the properties between those of the BR and the bulk has been indicated.”-!? There is general
agreement that the BR!3-!% and/or interphase are critical parameters for rubber reinforcement. It
should be noted that the BR layer corresponds to the “bound polymer layer” observed in other
PNCs whose thickness is commensurate with the radius of gyration (R,) of adsorbed polymer
chains.!®27 At high filler loadings (such as those required for commercial tire products) where the
interparticle distance between neighboring fillers is of the order of the thickness of the BR chains,
the BR chains begin to interfere and overlap with each other.* 2> 28 This in turn results in the
formation of a filler network structure via the BR chains as polymer “bridges” between
neighboring fillers.?832 Among several factors contributing to mechanical property enhancement,
this filler-filler network formed via polymer bridges is considered as the most significant.33 34
However, a molecular understanding of basic mechanisms that are important for the reinforcement
in rubber, a topic of utmost importance for the molecular design of tires, is still being debated in
this comparatively mature field.! The main reason for this problem is the lack of experimental

tools to directly probe the bound chains and/or interphase buried in a polymer matrix composed of



the same polymer. Instead, many simulation studies have shed light on the structures and dynamics
of polymer chains at the polymer/filler interface.> 3 35 For instance, Starr and co-workers3®
demonstrated that the polymer chains are elongated and flattened near the filler surface regardless
of the polymer-filler interactions, while a gradient of segmental relation occurs when the polymer-
filler interaction is attractive.3% 37

The inner structure of an irreversibly adsorbed polymer layer on a solid surface is very
different from that of a chemically grafted polymer layer because each adsorbed chain has many
contact points with a solid surface.3®*? These theories proposed that the adsorbed chains are made
up of different types of segment sequences, i.e., “trains” (adsorbed segments), “loops” (sequences
of free segments connecting successive trains), and “tails” (non-adsorbed chain ends). The
train/loop/tail picture of physisorbed polymer chains has been qualitatively confirmed for a planar
solid surface using neutron reflectivity.*! As will be discussed later, the CB filler used in this study
can be approximated as a “planar” geometry such that the same train/loop/tail picture can be
adopted for the BR formed on the CB filler, giving rise to a hierarchy of the structures and
dynamics at the segment and chain levels. This resultant local heterogeneity thereby creates
additional complications for understanding the molecular mechanisms behind the enhancement of
macroscopic properties of PNCs.

In this article, we investigate the in-situ structures and dynamics of BR chains in a chemically
identical polymer matrix. The techniques used are small-angle neutron scattering (SANS), neutron
backscattering (NBS), and neutron spin echo (NSE). A spherical CB filler filled in monodisperse
polybutadiene (PB) is chosen as a model. A BR layer on the surface of CB fillers is prepared by
using hydrogenated or protiated polybutadiene (hPB), while the matrix is composed of deuterated
polybutadiene (dPB). The scattering length density (i.e., the neutron contrast) of CB is nearly
identical to that of dPB, allowing us to selectively label the BR layer and creating strong contrast
between the matrix and BR.2! We previously reported the contrast-matched SANS/NSE studies on
the in-situ structures and dynamics of the BR (composed of a similar molecular weight of hPB on

the same CB surfaces) dispersed in a good solvent?! as well as in polymer solutions.?> The results



demonstrated that the BR is composed of two regions regardless of polymer concentrations (¢, <
1.83 ¢*, where ¢” is the overlap polymer concentration*?) in solutions: an inner unswollen region
of about 0.5 nm-thick and an outer swollen region where the polymer chains display a parabolic
profile with a diffuse tail. In addition, the NSE results showed that the collective dynamics of the
swollen BR chains in a good solvent and in dilute polymer solutions can be explained by the so-
called “breathing mode”.** We further discussed the formation mechanism of the interphase
between the BR and free polymer chains in polymer solutions.? The present study continues these
investigations but on a more realistic system that mimics the automobile tire, by replacing the
matrix with a chemically identical polymer melt. The volume concentration of CB filler is set to
20%, which is below the percolation threshold (= 30 % (Figure S1A&B)). In addition, coarse-
grained molecular dynamics (MD) simulations are performed to complement the experimental
results and unravel details that are not accessible experimentally.

We present the following results
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Figure 1. Schematic view of the BR chains
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the matrix. The BR layer is also stable against temperatures that are far above the bulk glass
transition temperature (7,); (ii) the trains are immobile within the NBS/NSE time widow (t < 500
ns), while the loops have a mobility gradient as a function of the distance from a filler surface and
the tails, which reach far out into the matrix, move in the same manner as free chains in the melt;
(ii1) the average local dynamics of the loops and tails observed by NBS remain unchanged between

the bound chains and free chains; (iv) the “confinement length” of the BR chains observed by



NSE, which limits the monomer motions by the size, shows a much weaker temperature
dependence compared to the bulk due to the contribution of the loops fixed at their anchor points;
(v) the BR chains entangle (for the tails) or interdigitate (for the loops) with the free chains in the
matrix. Hence, as summarized in Figure 1, the present results reveal that the trains are immobile
within the experimental timescales and act as strong anchoring points. At the same time, the chain
entanglement/interdigitation leads to a well-developed adhesive interphase between the filler and
matrix polymer. The interactions with the matrix polymer cause additional interfacial frictions,
reducing the flow of the matrix polymer and thus enhancing the elastic property, as demonstrated

in Figure S2.

I1. Experimental Section

I1.1. Materials. We simplified the material system by using a spherical CB filler (Asahi Carbon
Co., Japan) with mostly non-fused aggregates and monodisperse PB. As previously reported*, CB
fillers are typically fused together, resulting in the smallest unbreakable unit of CB fillers. The
unbreakable unit is further clustered into higher order structures in a rubber matrix. The
unbreakable unit and the higher-order structure are called as an aggregate and agglomerate,
respectively, in the context of the common terminology in this field.** We here adopt the same
terminologies to identify the hierarchical structures of the CB filler in the PB matrix. Based on
transmission electron microscopy (TEM) experiments, the mean radius of the primary CB fillers
was previously determined to be Rrgp = (43 +20) nm?!. The error bars used in this paper represent
+1 standard deviation unless otherwise noted. In addition, small-angle x-ray scattering experiments
for the bare CB fillers (without BR) dispersed in toluene after application of a sonic field gave the
radius of gyration (Rycp) to be (49 £ 5) nm?!, which is slightly larger than that of the primary CB
particles assuming a spherical shape (Ry1em = \3/5 Rrgym = 33 nm). Hence, on the basis of the
volume consideration, it may be reasonable to deduce that about 3 (=(R, o3 / R, 7,) *) CB primary

particles are fused together into the unbreakable unit (or aggregates). Therefore, the effect of



occluded rubber trapped between fused CB fillers** on reinforcement can be minimized. The
presence of the CB aggregates in the dPB matrix was further confirmed by TEM experiments and
the average size of the CB aggregates is in good agreement with the aforementioned SAXS result
(Figure S1C and E). On the other hand, the morphological characterization of the agglomerate
using TEM is not practical because the size is expected to be comparable or greater than the
thickness of an ultrathin film (approximately 100 nm) used for TEM experiments. Instead, we
utilized ultra-small-angle X-ray scattering (USAXS) to estimate the size of the CB agglomerate in
the rubber.

The CB fillers were first dissolved in toluene and then added to the PB solutions, which
are subsequently sonicated for 1 hour. The solvent was then evaporated from the mixed solution,
and the composite samples were annealed at 100 °C for 3 hours. The BR was composed of hPB
(weight average molecular weight (M,,) = 45,100 g/mol, polydispersity index (P) = 1.08, 1,4
addition = 80 %, Sumitomo Rubber). The BR-coated CB fillers were then extracted by a solvent
leaching process (the details have been described elsewhere?!). In brief, the resultant CB/PB
compounds were dissolved in toluene and dispersed using an ultrasonic bath for about (1 to 3)
hours. Afterwards, the solution was left for some time to let the incomplete BR-coated CB fillers
precipitate. The top homogenous portion of the solution, where the BR-coated CB fillers were
present, were collected and further separated through centrifugation. We repeated the series of
operations for several times to purify the final BR-coated CB fillers. The resultant “BR-coated CB
fillers” solution was then mixed in a fully deuterated PB (dPB, M,,= 50,200 g/mol, D= 1.08, 1,4
addition = 80 %, Polymer Sources Inc.,)/toluene solution. The filler loading (¢) was set to a volume
fraction of 20 %. The solvent was then evaporated from the mixed solution and the composite
samples were further dried in a vacuum oven at 100 °C for a prolong period of time (~ 7 days).
The thickness of the BR in the dry state (without a polymer matrix) was estimated to be (4.5 +0.5)
nm by using TEM experiments.?! Hereafter we assign the sample as “BR-coated CB in dPB”. We
also prepared the CB filler (without a protiated BR layer) embedded in dPB with ¢= 0.2 (hereafter

assigned as “CB in dPB”) as control.
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I1-2. Techniques
TEM experiments

Samples for TEM were prepared via cryo-ultramicrotomy at -120 °C using a diamond knife.
Sections were collected using ultrathin carbon (~ 3 nm) coated grids and allowed to warm to room
temperature before transfer to a JEOL 2200FS EFTEM operated at 200 kV. The unstained samples
were cooled to -180 °C in the TEM and imaged using zero-loss filtered mode with an energy width

of 20 eV.

USAXS experiments

USAXS measurements were performed at the BL20XU, SPring-8 (Hyogo, Japan) to
characterize the BR-coated CB fillers in the dPB matrix, while the BR (composed of hPB) in the
dPB matrix is not visible due to the lack of an X-ray contrast. The X-ray energy was 23 keV and
the sample to detector distance is 160.5 m. A pixel-array detector (PILATUS 100K, Dectris Itd.)

was used to obtain the USAXS data.

SANS Experiments

SANS experiments were performed at the NCNR. The BR-coated CB in dPB sample was
filled in custom-made titanium cells with quartz windows available for the SANS experiments.
The details of the SANS experiments including the correction of incoherent scattering*® have been
described elsewhere.?!> 2 SANS measurements were taken at 4 different sample-to-detector
distances, 1 m, 4 m, 13 m, and 15.5 m using the NG7-30m and NGB-30m SANS instruments. The
wavelengths (4) of the incident beams were 0.6 nm and 0.81 nm. The scattered intensity was
azimuthally averaged and corrected for the background of the cell, the electronic noise and
sensitivity of the detector, to calibrate in the absolute unit and then stitched together to an observed
g range of 0.015 nm! to 4.6 nm!. The incoherent scattering was estimated to be 0.032 cm! for the
BR-coated CB in dPB sample.?> The temperature for the samples was varied from 25 °C to 150 °C

with the temperature accuracy better than 1 °C.
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As previously reported, we have established a SANS technique to identify the scattering from
the BR on the same CB, which originates from the density heterogeneity in the BR layer, dispersed
in a good solvent’! and polymer solutions.?’> We here applied the similar strategies to the BR-
coated CB in dPB sample. Since the CB primary particles have relatively large polydispersity, the
distinct scattering maxima from a monodisperse core (i.e., the CB aggregate)-shell (i.e., the BR)
type form factor do not appear.?!- 25 We first evaluated the hierarchical structures of the core (CB)
alone in the dPB sample (i.e., the CB in dPB sample). The scattering from the hierarchical
structures of the BR-coated CB fillers in the dPB matrix was then calculated by using the unified
(UF) equation*’ with the individual structural parameters of the core and the shell determined
above. Lastly, we subtracted the calculated scattering intensity using the UF equation from the
observed SANS profile for the BR-coated CB in dPB sample, resulting in the excess scattering

from the inner structure of the BR.

NSE Experiments

By using NSE, we observed coherent scattering from protiated polymer chains in the
deuterated polymer melt at the length (2 nm to 10 nm) and time scales (0.02 ns to 500 ns). NSE
measurements were carried out on the CHRNS-NSE instrument at the NCNR and the IN15 at the
ILL. The wavelength of the incident beam was 0.6 nm and 1.1 nm at the NCNR and 1.0 nm and
1.35 nm at the ILL. Measurements were taken at the four ¢ values at 0.8 nm-!, 1.1 nm’!, 1.5 nm™!,
and 2.0 nm''. The Fourier time range was covered up to 100 ns at the NCNR, while it was further
extended to 500 ns at the ILL. The NSE data taken on the CHRNS-NSE was reduced by using the
Data Analysis and Visualization Environment (DAVE) software,* while IN15 data was treated by
the Igor macro developed for the instrument and normalized intermediate, scattering functions
were calculated for each sample. The experiments were carried out under vacuum to prevent
possible polymer degradation. The original IN15 data are curated under the

reference: https://doi.ill.fr/10.5291/ILL-DATA.9-12-560.
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NBS Experiments

NBS measurements, which provide the spatial (sub nm to 1 nm) and temporal (0.1 ns to 2
ns) information, were carried out at the High Flux Backscattering Spectrometer (HFBS) at the
NCNR.* The instrument was used to capture full quasi-elastic spectra as a function of energy
transfers. As the incoherent scattering cross section of hydrogen dominates neutron scattering in
the measured g-range, the quasi-elastic scattering originates mostly from the self-motion of H
atoms through energy change of the scattered neutrons. It should also be noted that deuterium
scatters incoherently, while the contributions are much smaller than H atoms. As will be discussed
later, we considered these contributions for the data analysis. At the same time, Richter and co-
workers showed that 1,4 PB shows a static structure peak at ¢ ~ 15 nm! and the characteristic
time of the collective dynamics was about 1 ps at room temperature.’® Since this time window is
completely outside the dynamic range of the instrument, the contributions from the collective
dynamics of the dPB matrix are ignored. For quasi-elastic spectra, measurements were made
between 10 h and 12 h in order to acquire good statistics and Doppler was operated to achieve +
17 peV dynamic range. The measured energy range was up to £ = 17 ueV with 0.85 ueV resolution.
Sample temperature was equilibrated for 30 mins before measurements. Data was collected in the
standard ¢ range of 2.5 nm! to 17.5 nm!. The instrument resolution was measured by measuring
sample at 7 = 4K where sample is expected to scatter elastically. The DAVE software*® was
utilized to conduct the analysis.

It should be noted that the same BR-coated CB in dPB and hPB in dPB samples were used
for NSE experiments at the CHRNS-NSE first, then for NBS experiments, and finally for NSE
experiments at the ILL. As shown in Figure S3, the S(q,f)/S(¢,0) for the BR-coated CB in dPB
measured at CHRNS-NSE and ILL show an excellent agreement each other except for long times
(due to the resolution limit for the CHRNS-NSE instrument), ruling out the possibility of sample

degradation.

MD Simulations
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We performed coarse-grained MD simulations to study the structures and dynamics of
polymer chains that are adsorbed on a highly adsorbing surface (representing CB) in a polymer
matrix based on the established protocol.’!. Since the size of CB fillers by far exceeds the BR
thickness, the simulation box was treated as a slab configuration®® where it has periodic boundary
conditions in both x and y axes, but not in the z axis. An attractive substrate, made up of Lennard-
Jones beads arranged in a hexagonal closed pack lattice, was placed such that it serves as a
boundary at z = 0. Fully flexible polymer chains with degree-of-polymerization, Ny,p = 2,000,
which is well above the critical entanglement length (N, = 30 for 1,4 PB%2) and is in a similar order
of magnitude compared to that of the experimental one (Nx=833)), were utilized.

The interaction between all beads is described by the truncated-shifted Lennard-Jones (LJ)

potential,

UL](T') = 48”[(,%)12 - (7%-)6 - ( . )12 + (L)6] T <Tcut (1)
0

A

where 7y, is the distance between the /™ and j® bead, e is the well depth. . is the cutoff, which
is equal to 2.5¢ (where o is the diameter of a Lennard-Jones bead) for monomer to substrate
interactions (i.e., a short-ranged attractive substrate) and 21/6¢ for the monomer-to-monomer
interactions (i.e., purely repulsive monomers). The interaction parameter (e;) between monomer
beads and substrate beads was set to 8 kg7 (kgT is the thermal energy). Experimentally, it is not
straightforward to quantify this value since the surface tension of a CB filler varies, depending on
a number of factors including surface activity, chemical functionality, microstructure, and
preparation.' 33 In addition, multiple attachment sites of bound chains to filler surfaces render the
estimation of surface activity more difficult.>* Richter and co-workers>® previously performed
density functional theory calculations to estimate the polymer/surface interaction energy between

various polymers and a silica (SiO;) surface. The results showed that the interaction energy of PB
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with Si-OH, which is weaker than that between CB and PB,>¢ was about 5kg7. Furthermore, as
discussed below, the MD results with the given & represent the experimental results in a
satisfactory manner. Hence, we believe that the interaction parameter used is reasonable to mimic
the experimental conditions. The connectivity of monomers into polymer chains was maintained

by the finite extension nonlinear elastic (FENE) potential,>’

1, 72
Urpene(r) =— EkSlen 1-— RZ (2)
m

with the spring constant kg = 30.0 k37/c?, and maximum bond length R,,, = 1.5 o.

At the chain level, we defined a polymer bead as being adsorbed on to the substrate if its
distance to a surface bead is less than 1.18 ¢2° which is a little over 2'/¢ g — or the minimum of the
LJ 6-12 potential describing the interaction between polymer chain and substrate beads. A train is
a series of adsorbed connected beads; a tail is a series of connected beads with one end being
adsorbed and the rest of the beads are unadsorbed and the ends is one of the chain ends; a loop is
a series of connected beads where the end beads are adsorbed beads.

To minimize finite size effects, the x and y dimensions were set to a much larger value (i.e.,

~ 120 o) than the bulk value of the square root of the mean square end-to-end distance of the
polymer ( = 60 ). To mimic the experimental situations, we first created bound chains on a solid
surface by the simulation protocol previously established.?> The production run of the MD
simulations involves running the system in an canonical (NVT) ensemble using a Langevin
thermostat with an integration timestep 0.01 t and proceeded to up to 10% 1, where T=0
(m/kgT)'/? (m is the mass of a bead) is the characteristic time. The details of the MD simulations
including the box sizes and the numbers of free and bound polymer chains are tabulated in Table

1.

Table 1. Simulation details used for this study.
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Degree of polymerization 2,000
Box Size (Ly, Ly, L,) 120 x 120 x 398 o°
Total number of beads 4,913,920
Number of free chains 2,400
Number of bound chains 41
Average number of tails per bound chain 1.4
Average number of trains per bound chain 48.5
Average number of loops per bound chain 47.5
Average degree of polymerization for tails 501.4
Average degree of polymerization for trains 8.4
Average degree of polymerization for loops 18.9

I11. Results and Discussion
I1I. 1. Structures of Bound Rubber - Small Angle Scattering

We briefly discuss the SANS result for the CB in dPB sample. The detailed analysis is
summarized in the SI. As shown in Figure S4A, the SANS data for the CB in dPB sample showed
the power-law scattering (i.e., [(g)~q~?) at 0.09 nm™! <¢ < 0.3 nm! with p =3.10 + 0.05. This
indicates that the surface of the primary CB fillers is “rough” described by a surface fractal** 8.
Moreover, there is additional scattering originated from an internal inhomogeneous (the so-called
turbostratic) structure (i.e., voids) within the CB fillers whose size is less than 1 nm>°. We
estimated the contribution** (see Figure S4B) and subtracted it from the observed scattering for
the BR-coated CB filler in dPB.

Figure 2A shows the SANS result for the BR-coated CB filler in dPB at 150 °C, ¢ is the
magnitude of the scattering vector defined by q = (47/2)sin(8/2), where @ is the scattering
angle and 4 is the wavelength of an incident neutron beam, respectively. At the same time, USAXS,

which allows us to extend the low g-value to 3.5 x 10~ nm™! (Figure 2A indicated in blue), was
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utilized to characterize the hierarchical structures of the BR-coated CB fillers in the dPB matrix.
Note that USAXS is not sensitive to the BR (composed of hPB) in the dPB matrix due to the lack
of an X-ray contrast between hPB and dPB. Using the Guinier scattering function (i.e., the first
term in the right-hand side of eq. (3)), we estimated the radius of gyration of BR-coated CB
agglomerates (without the BR thickness). The best-fit to the data (represented by the black line in
the inset) gave us the radius of gyration of BR-coated CB agglomerates to be 125 + 5 nm (without
the BR thickness). We also confirmed that the agglomerates do not form percolated structures in
the matrix at ¢= 0.2 by independent mechanical experiments and electric conductive experiments
(Figure S1A and B).

Given the USAXS data, we applied the unified (UF) equation*’ to the SANS data (Figure
2A) and characterized the hierarchical structures of the BR-coated CB fillers in the polymer matrix.

In this case, the UF equation is given by eq. (3)%%:

v

I(q) = Aexp( — £Ea2) +B[erf(%)3 /ql x exp (= Ry 22q2/3) +Cexp( — £%2) 4D
B
er(®2) o] @)

where R, is the radius of gyration of the BR-coated CB agglomerates which is approximated as
the sum of the size of the CB agglomerates (obtained from the aforementioned USAXS results)
and the shell (BR) thickness, giving us R, ;=129.5 nm. The radius of gyration of the primary BR-
coated CB aggregates, R,, was estimated previously to be 53.5 nm (i.e., the R, of the core of 49
nm plus the thickness of the shell (i.e., 4.5 nm) that was estimated by TEM after solvent
leaching).?! The power-law exponents of v and £ are related to the surface structures of the BR-
coated CB aggregates and their agglomerates. 4, B, C, and D are numerical constants.*” According
to a previous study,® the surface fractal of bound rubber formed on a filler surface is expected to
be identical to that of a filler surface, and we therefore set the v and f values to 3.1. The best-fit of
eq. (3) with the parameters of R, ;= 129.5 nm, R, = 53.5 nm, and v = =3.1 to the SANS data is

represented by the dotted line in Figure 2A. Hence, a deviation from eq. (3) at ¢ > 0.1 nm'! is
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evidenced, indicating the presence of excess scattering originating from the inhomogeneity within
the BR layer.

Representative excess scattering from the BR layer (Figure 2B) was calculated by
subtracting the contributions of the hierarchical structures of the BR-coated CB fillers in the dPB
(using eq. (3)) and the void structure of CB. The excess scattering originates from the local density
heterogeneity due to the penetration of matrix chains to the BR layer (i.e., polymer chain
scattering). To analyze the excess scattering, the following three assumptions were made: (i) the
CB filler is approximated as a “planar” geometry (see, the inset of Figure 2C) since the average
diameter of CB far exceeds the BR thickness?!; (ii) the BR is modeled as two layers, an inner layer
composed of strongly adsorbed chains and an outer layer composed of loosely adsorbed chains,
based on previous experimental®!- 6> and computational®-9 results; (iii) the tails and loops of a BR
chain can be approximated by a parabolic function according to a previous Monte Carlo study.®¢
Hence, the following two-layer structural model was utilized to express the chain scattering from

the hPB bound chains that are mixed with the dPB chains:

Pa 5 0 <z< Z1
00(Z:21,90PmL) = <pm[1 — (f) ] z1<z<L 4
0 L<z

where ¢, is the polymer volume fraction of the inner layer, ¢,, is the extrapolated volume fraction
to z = 0 from the outer layer (z is the distance from the solid surface), L is the cut-off thickness of
the outer layer. Note that we fixed the ¢, value to be 1.0 based on the previous results for similar
BR-coated CB fillers in a good solvent?! or polymer solutions.?® In addition, motivated by previous
MD results where the formation of a well-developed interface between a polymer brush and a melt
of identical chains was indicated,” we considered interfacial broadening to the density profile by
convoluting eq. (4) with a normalized Gaussian function with an interfacial roughness of o, as
previously reported.®” It should be emphasized that the data fitting was completely independent of
the outcomes of the MD simulations to be discussed below.

The structure factor, S(q), from the BR layer is then calculated by Fourier transform of ¢
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S(@) = ccaVppo| - Iy #(z:{z1,000mos L) exp(iqz) dz| (5)

lg
where p is a scattering length density (SLD) difference between the BR (hPB, SLDpg= 0.4 x 101°
(cm2)) and matrix (dPB, SLDgpg= 6.5 X 10'° (cm™2)) and ¢ is the volume fraction of the BR.
is the volume of the bound layer, which can be approximated by 4mwR2zlzg, Where R gis the
average radius of the CB filler and I, is the original thickness of the BR. L is the mean thickness
of the BR layer in the dPB matrix. (p(z;zl,fpa,<pm,as,f) in the right-hand side is convoluted with a

normalized Gaussian function g(L;L, 0'5) with an interfacial roughness of g,and L as

(p(Z; le(pa'<pm'05'z) = f_-'-;o (pO(Z; er‘Pa:‘Pm'L})g(L;{Z' O-S})dl’ (6)
— 1 —\2
g(L;L, as) = \/T—aszexp( — #(L — L) ) (7

In addition, to ensure conservation of mass, the volume fraction profiles were integrated such that
the amount of the polymer chains remained the same as the original thickness. The method of
nonlinear least squares fitting was used. The sum of the squares of deviations (SSD) between the
experimental  (Sexp;) and computed (Scom,) values was calculated by SSD =
Y0 (Sexp,i — Scom,i)?-

Figure 2C shows the concentration profile obtained from the best-fit (the solid line in
Figure 2B) to the data. Figure S4C verifies that the implementation of the inner layer with ¢(z) =
@ 1s essential to fit the overall SANS data. The results indicate that the inner layer of z,=0.43 +
0.03 nm in thickness does not allow any penetration of matrix chains. This thickness is consistent
with the previous study in a good solvent?! and in polymer solutions.? In addition, the thickness,
which is commensurate with the segment length (I) of a PB monomer (I=1[, N

= 0.67 nm; where n,, is the average number of main chain bonds (n;, = 3.86), [, is the length of

one bond (I, = 0.15 nm), and C,, is the characteristic ratio (C., = 5.2)) for PB,> suggests that
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Figure 2. (A) SANS (indicated by red circles) and USAXS (indicated by blue circles) profiles
for the BR-coated CB filler at 150 °C. The USAXS data was shifted vertically to overlap with
the SANS data. Based on the USAXS data, we independently determined the radius of
gyration of BR-coated CB aggregates (without the BR thickness) using eq. (3) but without the
third and fourth terms in the right-hand side of eq. (3). The best-fit to the data (represented by
the solid line in the inset) gave us the radius of gyration of BR-coated CB agglomerates to be
125 + 5nm (without the BR thickness). The dotted line in (A) corresponds to the best-fit of
eq. (3) to the data. The two arrows marked by R;j and R;é indicates the existence of Guinier
scattering with the radii of gyration R ; and R ». The fitting parameters were determined to
be 4=30,700 + 135, B=0.0135 4+ 0.0005, C=983 + 35, and D=0.045 + 0.008. (B) Excess
scattering from the BR at 150 °C after the corrections described in the text. The best-fit of eq.
(5) to the data is represented by the solid line. The SSD/(n — p) value (where 7 is the total
number of experimental data point and p is the number of derived variables in determining
the model function) was 4.3 X 10~>. (C) Polymer concentration profile of the BR layer as a
function of the distance from the filler surface (z) obtained from the SANS results. In the inset,
the schematic view of the BR chains on the CB surface is shown. L = (8.4 + 0.6) nm, ¢,,
= (0.46 + 0.04),0,=(4.9 £+ 0.5) nm, and z;= (0.43 + 0.03) nm were obtained from the
best-fit. (D) Excess scattering from the BR at 75 °C and 150 °C are plotted. We confirmed
that the overall shape of the excess scattering remains the same regardless of temperatures (up
to 150 °C).
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this inner region consists of the train segments of BR chains. This is further confirmed by the MD
results, as will be discussed later. Moreover, it was found that the outer layer, which is composed
of loops and tails, extends well into the matrix (L = 8.4 4+ 0.6 nm and o, = 4.9 + 0.5 nm),
indicating that the tails are pushed outward by the dense layer of loops.®® The total thickness of the
BR (i.e., = 8.8 nm (or 0.43 nm + 8.4 nm)) is about 1 R, (R;0f hPB is 7.9 nm, Figure S4D), which
is in good agreement with previous reports.?> 27 Furthermore, the overall structure of the BR layer
remained unchanged at temperatures between room temperature and 150 °C (Figure 2D), which
are far above the bulk 7, (~ - 90 °C), while the dynamics on the segment and chain levels are
sensitive to temperature, as will be discussed later.

At the same time, the broadened density profile of the outer layer (Figure 2¢) suggests the
existence of different lengths of loops and tails. This supports the Guiselin’s concept that
physically adsorbed polymer chains with multiple solid-segment contacts are considered as a
“polydisperse pseudo-brush™?. Guiselin also predicted that the polymer fraction of physically
adsorbed chains in the melt decays by power-law, z¢ (g is a constant)*. Inspired by Guiselin’s
calculations, we also fit the excess scattering data with the polydisperse pseudo-brush model. The
detailed analysis using the method of nonlinear least squares fitting is summarized in the SI. As
shown in Figure S5, we found that the parabolic shape is more reasonable than a power-law profile
to express the overall density profile of the BR in the melt. As will be discussed later, this is in
line with the MD simulation results (Figure 3A). We shall further discuss the distributions of
train/loop/tail components on the basis of the MD simulations. On the other hand, this broad outer
layer also raises a concern of whether the excess scattering calculated with the fixed BR thickness
of 4.5 nm in conjunction with eq. (3) (see, II-2. Techniques) may be overestimated. We therefore
evaluated the excess scattering with the different BR thicknesses ranging from 4.5 nm to 16 nm
(i.e., the maximum tail length of the BR, see Figure 2C). As summarized in the SI, we confirmed
that the effects on the shapes of the excess scattering and the concentration profile are minimal
(Figures S4E and S4F). We thus determined the mean values and uncertainties of the respective

parameters (L, @, 05, and z;) in eq. (5).
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II1. 2. Structures of Bound Rubber — Molecular Dynamics Simulations

Figure 3A plots the volume fraction of BR chains as a function of z from the substrate
surface calculated from the MD results. The mapping in terms of length unit (¢) was done by
matching the average bond length of the simulated polymer chains to the approximate segment
length of a PB monomer, [=0.965 ¢.°% From the figure we can see that the MD results with this
length conversion of 16 =~ 0.7 nm are in good agreement with the SANS results (Figure 3A),
indicating that the MD results reasonably predict the overall structure of the BR on the CB surface.
We also extracted the distributions of trains, loops, and tails of the BR chains along the z-direction.
As shown in Figure 3B, the peak at around 0.4¢ ( = 0.3 nm) corresponds to the contributions of
train segments, while the majority of the second peak at around 1.2¢ ( = 0.8 nm) is the loop
components. The tails are dominant at z > 60 ( = 4.2 nm), showing that they extend well into the
matrix. The MD results also provide quantitative information about the tails, loops, and trains, as

summarized in Table 2.
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Figure 3. (A) Comparison of the polymer concentration profile of the BR layer for the loops
and tail region between the SANS and MD results. Note that the beads (1o in size, where o=
0.7 nm explains the SANS data well) form a monolayer after completely coating the substrate.
The dip around 1o is the boundary between the first coating and the next layer. (B) Monomer
density distributions of trains, loops, and tails along the z-direction.
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Table 2. Chain statistics of the simulated bound polymer chains’

Mole fraction Effective grafting density (—2)
tails trains loops tails + loops tails
0.35 0.20 0.45 0.274 0.004

*To estimate the effective grafting density of bound chains (considered as a Guiselin brush?*), we
counted the number of pseudo tails and loops by considering all tails and all loops having 7o, >
1 (note that n,,, = 1 are segments that belong to trains). The grafting density is, therefore, pr = (7
+ 2n100p)/LyLy, Where LyL, is the area of a substrate and ny,; and n0,p, are the number of tails and
loops of a bound chain, respectively.

I1I. 3. Segmental Dynamics of Bound Rubber - Neutron Backscattering

Given the detailed structural information, we next focus on the dynamics of the BR chains.
Figure 4A shows representative dynamic structure factor S(g, E) for the BR-coated CB in dPB as
well as (free) hPB chains blended in the dPB melt (hereafter assigned as “hPB in dPB”) at ¢ =4.7
nm-!' and 7= 75 °C. The total volume fraction of the free hPB in the dPB matrix was set equal to
that for the BR-coated CB in dPB (3.1 vol %) such that the scattering contributions from H atoms
are the same for both samples, allowing us to compare these two data sets directly. We first fit the
S(¢,E) for the hPB in dPB sample with the Kohlrausch—Williams—Watts (KWW) equation,5% 70
i.e, an intermediate scattering function S(q,t) < exp [ — (t/7p(q))"] by applying the energy
Fourier Transformation of S(g, E) to fit in the energy domain, where 75(q) is the segmental
relaxation time and y is the stretching exponent. It has been reported that y= 0.5 and power-law,
157 (q) x q~? are established for many polymers in the limit of low ¢ values (¢ < 10 nm™").70 As
shown in Figure S6A, the fits are in general good for the measured g-range with the fixed value
of y = 0.5. In addition, for ¢ < 10 nm!, t5(q) shows the power-law behavior, 73%°>(q) x q—2
(Figure 4B): we note that an exponent of y= 0.5 for the segmental dynamics in polymer melts is

predicted by the standard Rouse model’! of polymer dynamics. At ¢ > 10 nm™!, a deviation from
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the power-law become evident, indicating the non-Gaussian statistics of molecular displacements
at the small length scales, as reported previously in the polymer melts including polyisoprene 73,
poly(ethylene oxide)’*, and PB.7>

For the bound chains, at first glance, the spectra reasonably match those from the hPB in
dPB sample except for small elastic contributions, as shown in Figure 4A. As shown in Figure
S2B, the Guinier-type scattering from the internal voids of CB fillers that decreases with increasing
q is evidenced, leading to one source of elastic contributions in S(g, £). In addition, as Mark and
co-workers indicated,”® we expect additional elastic contributions originating from “immobile”
segments strongly adsorbed on the CB surface. Note that CB has surface protons associated with
functional groups such as COOH, but the quantity is negligible compared to protons in the BR
layer of = 9 nm in thickness. In order to further evaluate the spectra from the BR-coated CB in

dPB, we approximate S(g, E) as the sum of the KWW function and elastic contribution, i.e.,

5@E) = (Axwws|exp[ - (=) || + 426(8))@R @), (8)

5(q)

where Axww and Ay4 (AxwwtA4q =1) are numerical constants and §(E) is a delta function that is
approximated to express an elastic contribution. & denotes the Fourier transformation and R(q,E)
is the resolution function and @ represents a convolution operator. Representative fitting results
at 30°C are shown in Figure S6B, demonstrating that eq. (8) is appropriate regardless of ¢g. The
best-fits provide us the elastic contribution to be 0.48 + 0.03 (= Ay/(Aq + Axww)) at the g-
range of 4.0 nm! < ¢ < 7.5 nm! at 30 °C, but it gradually decreases with increasing ¢, and
finally saturates to a constant value of 0.20 + 0.03 at ¢ > 10 nm™! (Figure 4B). As mentioned in
the experimental section, deuterium also scatters incoherently (;,.= 2 barn), while H scatters with
80 barns. Taking the volume fraction of the BR (3.1%) into account, the total cross section from
H amounts and D amounts in the BR-coated CB in dPB can be calculated to be 2.48 barn and 1.94
barn, respectively. We considered the ratio of the total cross section from H and D amounts for the
calculation of the elastic contribution. As will be discussed later, the trains are immobile within

the NBS time domain. The volume fraction of trains in the BR layer calculated from the MD results
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Figure 4. (A) Comparisons of NBS spectra for the hPB in dPB (“free chains”) along with the
BR-coated CB in dPB (“bound chains™) at g =4.7 nm! and 75 °C. The solid lines correspond
to the best-fits of the KWW equation to the hPB in dPB sample. There are additional elastic
contributions that result from residual scattering from the CB and immobile polymer (train)
segments. The best-fits of eq. (8) to the data give us the overall elastic contributions (from
the CB fillers and the BR chains), as summarized in (B) where the overall elastic
contributions for the BR-coated CB in dPB are plotted as a function of ¢ at 30 °C. The dotted
line corresponds to the contributions from the immobile train components within the NBS
time scale. (C) Local segmental relaxation times (7p) for the free and bound chains with the
0.5

value of the stretch exponent (y =0.5) at 30 °C. For ¢ < 10 nm’!, the power-law behavior 75

~g~2 (indicated in the solid line) holds.
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is 0.2 (Table 2), which is in good agreement with the volume fraction of trains (i.e., the inner
layer) in the BR layer determined from the SANS results (Figure 2C). Hence, the elastic
contribution of 0.20 + 0.03 at ¢ > 10 nm™! seen in Figure 4B is attributed to the immobile trains
within the NBS time domain. On the other hand, at ¢ < 10 nm’!, the additional elastic contribution
from the CB fillers is identified in the NBS.

Figure 4C shows the g dependence of 75(q) for both the BR-coated CB in dPB and hPB
in dPB. As they show nearly identical g-dependence, it is reasonable to conclude that the segmental
motions remain unchanged between the bound chains and free chains in the melts. This result is
consistent with the previous reports.’>’® In the following section, we further aim at quantifying the

contributions of the mobile and immobile components in conjunction with the MD results.

I1I. 4. Molecular Dynamics Simulations on Segmental Mean Square Displacements

In order to further understand the polymer-filler interface, we here focus on the MD
simulation results. We calculated the mean square displacement (MSD) of the beads of bound
chains as a function of the initial location from the filler surface (z) in the MD simulations (Figure

5A). The MSD is defined as
MSD = ([ri(t) —7i(0)]%) (9)

where 7;(t) is the location of the it" bead after an elapsed time of 7 from its original location 7;(0).
We hereafter assign polymer chains in a matrix as “unadsorbed chains”. We considered all 2000
beads to calculate the MSD of the adsorbed and unadsorbed chains near the interface. We also
assign the unadsorbed chains that locate far from the filler surface (i.e., 194 ¢ <z < 204 o
corresponding to the middle part of the simulation box (see Table 1) as “bulk” chains. For the bulk
chains, we calculated the MSD by taking an average of the MSD curves of the middle 10%
monomers of each chain (i.e., 200 monomers) to minimize the effect of chain ends. The crossover
behavior for the bulk from the Rouse regime (MSD ~ /%) to the reptation regime (MSD ~ t/4)" is

observed at the crossover time (7,) indicated by the arrows in Figure 5A, 5B, and 5D, 7, =~ 5,5007.
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In order to identify the z dependence of the MSDs of both adsorbed and unadsorbed chains,

we calculated the MSD of monomers as a function of the distance (z) from the filler surface. Based
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Figure 5. Calculated MSD of (A) the BR chains, (B) unadsorbed chains near the filler surface
at the given distances from the filler surface. For comparison, the MSD of middle monomers
of the unadsorbed chain (bulk) is also plotted. The arrows correspond to 7, = 5,500t for the
bulk. (C) MSD values at the bulk cross-over time, MSD(t,), are plotted as a function of z.
The dotted line corresponds to the bulk MSD(t,),u = 37.8507. (D) Calculated MSD of the
loops estimated by eq. (10) at the given distances from the filler surface. (E) MSD of the
bound chains in the vicinity of the filler surface (like in (A)) but extended to show the
behavior at the relevant NBS time scale. The symbols (indicated in green) correspond to an
average MSD of the mobile (loop/tails) components. See the main text for the details.

on the monomer density profiles shown in Figure 3B, we found that the region at 0 <z < 0.7¢ is

composed of only trains, while the loops and tails coexist at above z > 0.7 g. As shown in Figure
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5A, the MSD of trains is considerably suppressed compared to the bulk, while the MSD of the
bound chains atz> 0.7 ¢ (i.e., a mixture of loops and tails) increases with increasing z and becomes
nearly equivalent to that of the bulk chains. Remarkably, the deviations from the MSD ~ ¢/> power-
law takes place at around 2.7 ¢ < z < 3.70, where the loops are a majority component. We note,
in pure polymer melts, these deviations relate to the transition from Rouse motion (#) to local
reptation (¢'/#) that occurs at t=t,, while for loops it reflects their finite size. In this context, the
30 % to 50 % smaller MSD within the MD time window at around 2.7 ¢ < z < 3.7¢ is rationalized.
In addition, the segmental dynamics of unadsorbed chains near the filler surface are slightly slowed
down within the Rouse regime due to the presence of loops and tails, but they escape the “obstacles”
and recover the bulk-like reptation dynamics at sufficiently long times (Figure 5B). To further
illuminate these, we calculated the MSD at the bulk cross-over time (z, = 5,5007), MSD(z,), for
the unadsorbed chains as a function of z. As shown in Figure 5C, the MSD(t,) values for the
unadsorbed chains located within the bound layer (up to z < 20 o, see Figure 3A and 3B) are
lower than the bulk value (MSD(t,)yux =37.850%), but increases with increasing z, and approaches
to the bulk value at z > 20 o. Hence, a decrease in the segmental dynamics of the unadsorbed
chains due to the obstacles is indicative.

To further extract the MSD of loops (MSD;,) alone, we approximated the observed MSD
(MSDoa1) at z> 0.7 o as a linear combination of MSD., and MSD of tails (MSDy):

MSDotar = MMSD p0p +(1 —n)MSD gy (10)

where 7 is the fraction of loops in the bound chains at the given distances determined from the
monomer density profiles (Figure 3B) and we assume that MSDy,; is equal to the bulk MSD. Based
on the monomer density profiles shown in Figure 3B, we could estimate the fraction of loops in
the bound chains at the different z values (Table S1).

Figure 5D shows MSD,,,, estimated by using eq. (10) at the four different regimes near
the filler surface. Overall, the chain dynamics of loops is suppressed due to the topological
constrains, but the magnitude of the MSD is significantly higher than that of trains within the

overall simulation time window. Specially, the MSD,, at 10.7 0 < z < 11.70 exhibits the bulk
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behavior at ¢ < t,, while a deviation from the bulk behavior is indicated at ¢ > 7, since loops fixed
at their anchor points do not have a transiently existing virtual tube. The results also indicate that
the time when the deviation from the MSD ~ #? power-law occurs for loops are of similar
magnitude to the bulk (or tails). However, we should stress that the chain conformations of tails
and loops are quite different: the tails are more stretched than the loops (Figure 3B). This trend is
consistent with previous experimental results on loops and their linear counterparts (brushes or
tails) on planar solid substrates®® and with a previous prediction using a polymer density
fluctuation theory.®! We postulate that the structural dissimilarities of tails and loops lead to a
marked difference in their interdigitation with neighboring unadsorbed chains. Shull used the
numerical self-consistent field treatment and showed that loops have less interdigitation with
neighboring free chains compared to their linear (tail) counterparts.®? However, this argument may
be dependent on the size of loops. Richter and co-workers used well-characterized polymer rings
(by analogy for loops®) in linear polymer matrices and concluded that larger loops are
interdigitated, while small loops do not allow the interdigitation of linear chains.?* The same group
separately reported that the loops of physiosorbed (unentangle) polymer chains on nanopore
surfaces interdigitate with matrix polymer chains, resulting in the entanglement-like dynamics.!?
Hence, we anticipate that the presence of large loops formed on the CB filler allows the
interdigitation of matrix polymer chains, while the tails do entangle with the matrix polymer. In
this way, the filler-polymer interface can establish a strong connectivity between a matrix and filler
via the BR/interphase, which will be further described in the following section of the neutron spin
echo results. Detailed MD results on the dynamics of trains, loops, and tails with different degree-
of-polymerization N values will be summarized in a forthcoming paper.

We can now compare the results from the MD simulations with the NBS results. From
the comparison of the computational (z, = 5,5007) and experimental 7, values (Figure S7D) for
the hPB in dPB sample, the conversion factors for the respective temperatures were set. As shown
in Figure 5A, we can see that the calculated MSD values for the train components are nearly

constant (= 6.0 x 103¢2, which is equivalent to 2.9 X 10~3 nm?) within the corresponding
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NBS time window (i.e., t < 180 tat 150 °C, the highest temperature used for the NBS
measurements). Hence, the motion amplitude, i.e., S(q,t)/S(q,0)~exp [ — g?(MSD) /6], for the
train components is close to 1. This indicates that the g-independent plateau at ¢ > 12 nm! shown
in Figure 4B cannot be related to any intrinsic length scale but is due to the immobile fraction of
the trains.

Moreover, as shown in Figure 5A, the MSD of the mobile tail and loop components at
0.7 0 < z < 1.70 within the relevant NBS time window is about three times smaller than the bulk,
while that at 1.7 0 <z<2.70 almost recovers the bulk behavior. This suggests a local
heterogeneity in the segmental dynamics within such a very small space (~ a 1 nm-distance from
the filler surface) due to chain binding, as predicted previously.?® *7 Hence, it is reasonable to
conclude that the quasielastic scattering we measured using NBS corresponds to the sum of the
MSDs of the tail and loop components at 0.7 0 < z < 1.7¢0 and the MSDs at z >1.7a (which can
be approximated as the MSD of the bulk) by their compositions. Considering that the fraction of
loops and tails located at 0.7 0 < z < 1.70 is estimated to be 16 % relative to the overall loop and
tail components (Figure 3B), we found that the average MSD of the loops and tails is nearly
identical to the bulk as shown in Figure 5E (represented as symbols), supporting the NBS results

shown in Figure 4C.

I1I. 5. Dynamics at the Chain Level - Neutron Spin Echo

Given the direct evidence on the local segmental dynamics of the BR chains, we next focus
on the dynamics at the chain level measured by NSE. Figure 6A shows a representative normalized
intermediate dynamic structure factor, S(¢,7)/S(g,0), for the BR-coated CB in dPB at ¢ =2 nm™! and
100 °C. For comparison, S(g,t)/S(q,0) for the hPB in dPB sample is also plotted. It has been well
documented that NSE is an ideal tool to study the entropy-driven Rouse dynamics on an
intermediate length scale and the local reptation motions (i.e., laterally confined chain dynamics)
on a larger length scale in the melt’’. Following the established protocols, we first characterized

the Rouse rate, Wi* = 3kgT1?/{ (kgis the Boltzmann constant, T is the absolute temperature, and
p
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¢ is the monomer friction coefficient), and the tube diameter (d;) for the hPB in dPB sample. The
details are summarized in Figure S7. In addition, as summarized in Figure 6D, the temperature
dependence of the tube diameter is evidenced, as reported previously,>? while the magnitude is
larger than the reported value (3.6 nm) that was based on rheology results.>?

For the BR-coated CB in dPB sample, the single chain dynamics of the BR chains are
significantly slowed down compared to that of the hPB in dPB sample within the NSE time
window (Figure 6A). As mention above, there are the elastic contributions of CB fillers within
the ¢ range used for NSE. Hence, we first calculated S(g,7)/5(¢,0)gr for the BR using the following
relation which accounts for the immobile contributions of the CB fillers estimated from the SANS

results:

5(q,t) S5(q,t) S(q,t)
=(1-c)2@D  4ox (11
@00~ & Vstampe T S@ory 1D

where S(q,7)/5(q,0)0ta1 and S(q,2)/S(q,0)cp are the observed normalized intermediate dynamic
structure factor and the normalized intermediate dynamic structure factor for the CB filler
(S(q,)/8(q,0)cg=1), respectively, and c is the elastic contribution from CB fillers that depends on
q (see, Figure S8A for the detailed procedure). Figure 6B shows representative S(g,7)/S(q,0)gr at
the four different g values and 100 °C (the fitting results at the other temperatures are summarized
in Figure S8B to D). For unentangled polydimethylsiloxane (PDMS) in anodic aluminum oxide
(AAO) where g-dependent plateauing of S(g,t) was observed, Richter and coworkers reported a
suppression of long wavelength Rouse modes when an unentangled polymer chain adsorb on a
solid surface.!> Motivated by their results, we fit the NSE data with their model at ¢ < 7, where 7,
= d}/(m2W1%). The dotted line (indicated in red) in Figure 6A shows the best-fit of the
suppressed Rouse mode to the data, suggesting that the initial slowdown in S(gq,7)/S(¢,0)gr can be
well explained by the presence of mode restrictions with multiple anchoring points. As mentioned
for the hPB in dPB sample, the deviation from the Rouse mode is ascribed to the local reptation.

However, in contrast to PDMS in AAO, we find g-independent plateaus at long times that cannot
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be related to an intrinsic length scale like the tube diameter. The result must relate to an immobile
fraction of the train segments, as discussed above.

We further analyze the NSE data for the bound chains. Schneider and co-workers studied
the segmental dynamics of polymer chains bound to silica filler surfaces in unentangled
poly(ethylene glycol) and poly (butylene oxide) marices using a contrast-matched NSE technique.
Based on a two-phase model assuming that bound polymer chains are composed of immobile and
mobile (bulk-like) parts, they quantified the amount of the immobile part and the segmental
dynamics of the mobile part.”® Here we apply the same two-phase model to the present NSE data.
At spatial and time windows beyond the Rouse regime, long chains are confined by their mutual
entanglements,” leading to a retardation of the decay of a structure factor. In the reptation model,
this lateral confinement is captured by the tube diameter. Hence, the following equation was

adopted to analyze the tube diameter of the BR chains:

sl =t (1= x ([ exp (— 22 ]Siocaa(q) + exp (- 5L)5.0c(a0) (12

where u is the fraction of immobile polymer components, and S;,.4;(q,t) and S.s.(q,t) are the
contributions from local Rouse motion along the tube and escape from the tube, respectively.”
The present polymer architecture (i.e., bound chains) does not allow the chain to escape as the one
end is stuck to the filler surface. Also, in the NSE time window, the chains do not escape from the
tube (r < the longest Rouse relaxation time 7z= 2600 ns at 150 °C). Hence, we set Sq5.(q,t) = 1.
The local reptation part is expressed as S cqi(q,t) = exp[(t /To)erf C(M)], where 7
=36/(W1*q*) is the time scale for the Rouse motion along the tube. The Rouse rates (W1*) for
the BR-coated hPB in dPB were fixed to those of the free chains, as clarified above. The fitting
ranges were set to ¢ > 7, and we confirmed that the accessible time window covers at least twice
T.. Figure 6B and Figure S8B to D show the best-fits of eq. (12) to the NSE data at the four
different ¢ values, giving us an elastic fraction of u =~ 0.3 regardless of temperature (Figure 6C).
This value suggests that not only the trains ( & 20 % in the BR chains) but also the very short loops

located at 0.7 0 < z < 1.70 (see, Figure S5A, the corresponding volume fraction in the bound chain
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is estimated to be about 14 % based on the monomer density profiles shown in Figure 3B) are
immobile within the NSE time and space domains. On the other hand, as discussed above, the
other loop components and tails are mobile and interactive with matrix polymer chains, resulting
in a strong rubber-filler “interlocking” interphase which play vital roles in rubber reinforcement

including low loss modulus (i.e., low rolling resistance) of filler reinforced elastomers.®>
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Figure 6. (A) Comparison of S(q,7)/S(q,0) between the bound (indicated in red) and free
(indicated in blue) chains at 100 °C and ¢ = 2.0 nm™! is shown. It should be noted that
S(q,t)/S(g,0) for the bound chain is corrected for the immobile contributions of the CB fillers
using eq. (11). The red dotted line corresponds to the best-fit of the suppressed Rouse
dynamics'? for the BR-coated CB in dPB, while the blue dotted line corresponds to the best-
fit of the unrestricted Rouse mode.”® The number of suppressed Rouse modes was set to 6,
while the distribution of the mode number used in Ref. 12 was not considered for the fit. (B)
S(g,%)/S(q,0)gr for the BR-coated CB in dPB at the given four ¢ values and 100 °C. The solid
lines correspond to the best-fits of eq. (12) to the data. Temperature dependences of the elastic
fraction (C) and tube diameter of the BR chains obtained from the best-fits of eq. (12) to the
data (D) are shown. The tube diameter of free chains measured by using the hPB in dPB sample
is also plotted (D).
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Figure 6D summarizes the temperature dependence of the tube diameter of the bound
chains. It should be noted that since there is no tube for loops, the tube diameter obtained from the
fitting of eq. (12) gives us a “confinement length” that limits the monomer motions by the size.
The results indicate that the temperature dependence of the confinement length is much weaker
than that of the bulk. Therefore, the present results can be explained as follows: Since the tails are
reaching far out from the filler surface into the bulk, they adapt the tube diameter of the bulk. On
the other hand, the loops fixed at their anchor points don’t change in size with temperature. Hence,
the confinement length is composed of the two contributions: (i) the tube size of the tail (bulk,
dpur) that increases with temperature (as shown in Figure 6D) and (ii) the confinement length of
loops (djo0p) that is more or less fixed regardless of temperature. To first order, one may add these
effects, but further experimental and simulations studies are required to derive the exact correlation
between these effects. NSE experiments using grafted brushes (by analogy for tails) or polymer
rings (by analogy for loops) in a polymer melt will help us separate the contributions of loops and
tails in a quantitative manner. At the same time, detailed MD analysis will allow us to calculate
the dynamic structure factors for loops and tails separately.

While a previous report showed that the tube diameter of the matrix polymer remained
unchanged when the filler loading is below the percolation threshold,? the present result is the
direct evidence of the chain entanglements of the bound chains. Using short (unentangled)
chemically grafted chains, Mark and co-workers also reported that the topological confinement
within a “cone” spanned by neighboring grafted chains (the grafting density of ~ 0.6 nm™) leads
to a narrower tube diameter.”® Hence, the present NSE data indicates that the effect of tail-tail
interactions is minimal for physisorbed chains. This is further confirmed by the MD results that

give us the “effective” grafting density of tails to be 0.004 ¢—2 (or ~ 0.006 nm2) (Table 2).

IV. Conclusions
We have studied the structures and dynamics of the BR layer formed on the CB filler

surfaces in the melt (below the percolation threshold) by combining neutron techniques and MD
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simulations. The combined results reveal the novel structural and dynamical features of the BR
chains for the emergence of rubber reinforcement: (i) the structural partition of the BR chains into
three components (i.e., trains, loops, and tails) with their fractions; (ii) their dynamical hierarchies,
i.e., the trains that remain immobile on the filler surface, the loops that are fairly large and hence
allow the interdigitation of matrix chains, and the tails with their unique characteristics to reach
far out into the matrix and entangle with matrix chains.

As demonstrated in Figure S2, the mechanical enhancement associated with using the BR
is well-known for several decades in the rubber industry, but the mechanism behind this
reinforcement remains unexplained. Given the structures and dynamics of the BR, we are now able
to discuss the correlation with the macroscopic mechanical enhancement. Our results indicate the
existence of entanglements/interdigitation of the BR chains with neighboring polymer chains in a
matrix, leading to a well-developed and adhesive interphase. In addition, the chain
entanglement/interdigitation at the interphase region causes an additional interfacial friction,
reducing the flow of a matrix polymer and thus enhancing the elastic property. At the same time,
we anticipate that the trains, which may correspond to the so-called “glassy layer” reported in
polymer nanocomposites'!> 87> 88 act as strong anchoring points during deformation®®. As a
consequence, when CB-filled elastomers are deformed, the above two characteristics of the BR
chains and interphase permit external stresses to be transferred effectively from a weak,
deformable polymer matrix to a strong, rigid CB filler. Further experiments and simulations for
high filler loading reinforced rubbers above the percolation threshold deserve future work.

According to the Energy Technology Perspectives 2017,% in 2050 the total number of cars
globally will be three times greater than that in 2010, signifying a pressing demand for new
materials. Thus, the development of advanced reinforced synthetic rubbers with balanced, superior
performance including durability and safety is critical to meet this demand due to the dwindling
availability of natural resources. However, the optimization of filler-enforced elastomers is
complicated and multi-faceted problem. For example, wet grip is determined by the relaxation

behavior at high frequencies, while rolling resistance is related to the dissipation at low
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frequencies.} In addition, from an industrial point of view, the origins of reinforcement (such as
impact fracture, wear performance, wet grip performance, fuel efficiency, fatigue fracture) are
diverse depending on the structures and dynamics of a polymer at different length scales
(angstrom-scale to micron-scale) and temporal scales (1 fs to s). Hence, the development of
advanced filler reinforced synthetic rubbers relies on the interconnected knowledge of polymer
and fillers’ hierarchical structures and dynamics utilizing integrated measurements and analysis.
This would then allow us to establish a comprehensive structure-dynamics-property relationship

for filler-reinforced rubbers.
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