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The nature of the interactions of polymers at the surface of nanoparticles is crucial to understand-
ing the dynamics and their relation to mechanical properties. The effect of binding (both chemical
attachment and physical adsorption) on the local and global dynamics of chain molecules remains
a controversial subject. Using neutron scattering and dynamic mechanical spectroscopies, we mea-
sured the slow conformational and terminal relaxations, as well as the fast local dynamics, of 1,4-
polybutadiene (PBD) containing carbon black (CB) particles. We observed a substantial decrease in
the flexibility of bound segments at temperatures through the glass transition temperature, 7. The
longer range motions of the PBD become more suppressed and cooperative as temperature decreases,
while the relaxation time of the fast local dynamics is little affected by the CB particles. The mobile
fraction of PBD is less sensitive to temperature when bound. Mechanical spectroscopy indicates that
both the local segmental dynamics and the global chain modes are slowed by the filler. These results
are consistent with transient structural arrest of the slow dynamics of atoms adjacent to the particles.
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. INTRODUCTION

Carbon black (CB) is the most widely used filler for re-
inforcing polymers, conferring improvements in mechanical
properties and lowering material costs. CB particles vary in
size from 17 to more than 100 nm, with the primary struc-
tures forming aggregates that are roughly twice as large.!
Enormous effort has been expended to determine the phys-
ical nature of CB, particularly in rubbery polymers.”> The
interactions of polymer chains adjacent to CB are a key to
understanding the dynamical and mechanical properties of
these nanocomposites.’ Smaller particles, having greater spe-
cific surface area, emphasize the role of any bound polymer.
Generally, the physical interactions and adsorption charac-
teristics of carbon-based nanoparticles (CB, graphite, carbon
nanotubes, graphene, diamond, etc.) and their effect on dy-
namical properties remain poorly understood.* For example,
distinctions are not made between chain segments immobi-
lized by their spatial proximity to filler particles versus back-
bone units adsorbed at specific sites on the filler surface.’

Experimental studies have reached discordant conclu-
sions concerning the effect of particle reinforcement on the
local segmental dynamics.® Reports of shifts of the glass tran-
sition temperature (7,) due to filler-reinforcement sometimes
have been based on changes in the frequency or tempera-
ture of the loss tangent peak in mechanical spectra.’ How-
ever, the position of this peak is also influenced by the mag-
nitude of the storage modulus at lower frequencies (within
the rubbery plateau), and since this is also affected by the
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filler, shifts of the loss tangent do not necessarily reflect
changes in the segmental dynamics.® A highly cited work
is that of Tsagaropoulos and Eisenberg,”-® who observed ad-
ditional loss peaks in silica-filled polymers at temperatures
100°C above T, of the bulk polymer, which they ascribed
to a glassy phase of polymer in close proximity to the sil-
ica particles. However, it is not clear how such putative high
temperature glass transition peaks can be distinguished
from mechanical loss associated with terminal flow, which
also is affected by filler interaction.” NMR is a com-
mon tool to investigate polymer dynamics in nanopar-
ticle composites, but fitting relatively featureless proton
relaxation profiles can yield ambiguous results. Some
NMR analyses*®-4® suggest dramatic increases in the
rigidity of polymers near T,, while others conclude the
mobility of the bound segments is unaffected or even
greater than that for the unfilled polymer.*V-! Similarly
divergent results have been obtained by dilatometry*)
and neutron scattering®® for polyisoprene in the glassy
state.

A satisfactory understanding of the dynamics of poly-
mers in nanocomposites requires addressing the following is-
sues: Does binding suppress the local dynamics of the poly-
mer, and if so, which timescales are most affected? What
governs the partitioning of segments into restricted and un-
affected dynamic modes? How do the relaxation dynamics
vary with temperature; in particular, is there a qualitative dif-
ference in the effect of the filler particles above and below
T,? How do the macroscopic mechanical properties reflect
the effect of nanoparticles on the chain dynamics? In this
study, we investigate the dynamics in the pico- and nanosec-
ond timescales of 1,4-polybutadiene (PBD) bound to CB
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particles. We employ two neutron scattering techniques, in
combination with dynamic mechanical measurements. Inco-
herent neutron scattering analysis is a powerful method to
examine microscopic motions of hydrogen atoms in polymer
nanocomposites, and some studies have been reported.*?:!!
The role of any “bound polymer” can be accentuated by ex-
traction of the soluble polymer prior to the neutron measure-
ments. Quasielastic scattering spectra were analysed to quan-
tify the relaxation rate, mobile fraction, and the displacements
of the polymer chains. The dynamic mechanical measure-
ments yield information about the polymer dynamics on both
the local and global scales.

We find that the dynamics of PBD can be character-
ized by two microscopic relaxations at times in the range
40 ps < t < 2 ns. The slow mode of bound PBD becomes
strongly retarded as temperature decreases. Temperature vari-
ations of the dynamic mechanical response of the segmen-
tal relaxation and terminal flow at temperatures down to be-
low T, also exhibit filler-induced restricted dynamics on the
107°-10? s timescales. However, CB interactions exert little
effect on the fast modes at any temperature. The bound poly-
mer, of course, has the larger immobile fraction, while for
both modes, the change in the mobile fraction due to the pres-
ence of CB is smaller on cooling toward 7. The collective
vibrations, prominent below T, show negligible effect of CB
binding.

Il. EXPERIMENT

The weight-averaged molar mass of PBD was 158 kD,
with a polydispersity of 1.07. The chemical structure was
butadiene 1,4-addition product with 14% vinyl groups (1,2-
addition). The carbon black (Cabot Vulcan 9) was N110
(fused 17 nm particles); the mean diameter of the aggregates
was about 54 nm.'?> The initial composition was 20.5 vol.%
CB (33.3 wt.%). After being mixed on a two-roll mill, the
compound was Soxhlet extracted*® using cyclohexane for
5 days. The extracted mixture was dried under vacuum at
RT for 3 days, followed by 1 day at 80°C. The compo-
sition after extraction was 60 vol.% CB, as determined by
thermogravimetry (TA Instruments Q500). Differential scan-
ning calorimetry (TA Instruments Q100) was carried out at a
10 K/min heating rate to determine glass transition tempera-
tures.

Neutron scattering measurements on neat PBD and the
extracted nanocomposite employed the High-Flux Backscat-
tering (HFBS, NG2) and Disk Chopper (DCS, NG4) spec-
trometers at NIST. The energy ranges were up to E = 17 eV,
with 0.4 peV resolution defined by the half-width at half max-
imum of an elastic peak (0.24—4 GHz, 40 ps to 2 ns) for the
HFBS, and up to E = 20 meV with a 25 ueV resolution
(12 GHz to 4.8 THz, 0.03-26 ps) for the DCS. The range
of the scattering vector was 0.31 A~! < 0 < 1.71 A~! for
HFBS and 0.2 A~! < 0 <2 A~! for DCS. The former was
used for higher temperature measurements (>240 K) to mon-
itor segmental relaxation, and the latter for lower tempera-
tures to follow the collective vibrational modes. Samples were
contained in annular, aluminium holders, with thicknesses
(~0.1 mm) sufficiently thin to avoid multiple scattering.
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Dynamic shear moduli of neat PBD and the as-mixed
PBD/CB compound were obtained over the frequency range
5 x 1073 to 10 Hz using an Anton Paar MCR 502 rheometer.
(After extraction the nanocomposite material lacked sufficient
mechanical integrity for rheometry measurements.) The sam-
ples were disk-shaped, with a typical diameter around 10 mm
and ~0.5 mm thickness, and measured using parallel plates.
The frequency dependence of the shear modulus was obtained
at ~0.1% strain amplitude at temperatures from 177 to 315 K.

lll. RESULTS

A. Analysis of weight fraction, surface area, and T, of
the bound polymer

TGA analysis indicated that 26 £+ 0.4 wt.% polymer re-
mained after extraction (see Figure 1 of the supplementary
material'®), which means the volume fraction of CB nanopar-
ticles increased threefold. This agrees with general results of
bound rubber for unsaturated polymers.*® Based on the size
of the CB particles and the radius of gyration of the PBD, we
estimate that about 25% of the CB surface could be covered
by the polymer;'8 that is, all the chains are in close proxim-
ity to the particles and have at least one repeat unit bound
to the CB. From DSC (see Figure 2 of the supplementary
material'®), the bound PBD has a T, that is 1.3 K higher than
the value for the neat rubber (=180 K), and the transition is
significantly broader. This presumably reflects the constraints
from chemi- and strong physisorption of the chain segments.

B. Microscopic local dynamics: Slow and fast
processes, and collective vibrations

The neutron scattering spectrum is dominated by incoher-
ent scattering from hydrogen atoms, which contributes 94%
of the total scattering for the PBD and 82% for the extracted
nanocomposite. This means the quasielastic spectra primarily
reflect the motions of the hydrogen atoms in the polymer. The
temperature-dependent atomic mean-square-displacement

(rA(T)) = =307 n[1(Q, T)/1a(Q, 4K )], 1)

where 1, is the elastic neutron scattering intensity of HFBS,
yields information about the damped local motions arising
from segmental and secondary dynamics, and the collective
vibrations. Figure 1 shows that anharmonic motions emerge
in both the neat and bound rubber at temperatures around
180-200 K. Traditionally this is referred to as the dynamic
transition temperature, T,, because it demarcates the onset of
conformational relaxation.'* 13

The deviation from a linear 7-dependence in Figure 1 oc-
curs over a broad range, with no large differences between the
neat and filled polymer. However, the value of (1) averaged
over a range of Q is significantly smaller for the extracted
mixture (about 1.7 times at 300 K) than for neat PBD, show-
ing directly that the mobility of the chains is suppressed by
interaction with the CB particles. As temperature decreases,
this difference in magnitude of (r?) is reduced, with equiva-
lent behavior below 7. Since analysis of the mean-squared-
displacement alone does not discriminate among the differ-
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FIG. 1. Mean-square-displacement of hydrogen atoms for PBD, the
nanocomposite, and the neat carbon black. Inset displays temperature deriva-

tives of (r2(T)).

ent dynamic modes, we measured energy-resolved neutron
scattering spectra covering 0.03-26 ps for temperatures <7,
and from 40 ps to 2 ns for higher temperatures.

Figure 2 shows the dynamic structure factors, S(E),
summed over all Q, for the neat PBD and the nanocomposite
at several temperatures, and for the pure CB at 285 K. Greater
broadening of the quasielastic spectrum indicates faster relax-
ation, a larger mobile fraction, and/or a larger length scale of
the motions. There is negligible quasielastic scattering (QES)
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from neat CB above the instrumental resolution, reflecting the
absence of relaxation processes in the filler. Thus, the QES of
the extracted PBD/CB can be interpreted in terms of motion of
the hydrogen atoms of the bound polymer chains. Consistent
with the (+*(T)) results in Figure 1, the S(E) of bound PBD
shows lower QES intensity in the given energy window at all
temperatures (240-300 K), although the difference is small at
the lowest temperature.

The segmental relaxation dynamics of polymers gen-
erally conform to a Kohlrausch stretched exponential
function;'®!” however, the limited spectral range of the data
in Figure 2 makes such line-shape analysis difficult. In a
previous communication'® we used dielectric and mechani-
cal spectroscopies to determine the Kohlrausch parameters,
and then employed these to characterize the QES data. We
adopt a different approach herein in order to resolve multi-
ple dynamic modes, analysing data over a broader frequency
range that includes lower temperature measurements. As an
approximation, we employ two Lorentzian functions to de-
scribe the QES. Our purpose is to monitor the fast and slow
modes of the polymer, which in reality encompass a range
of mobilities; however, their dynamics are sufficiently differ-
ent to make such a categorization tenable. There is prece-
dent for this method of extracting representative relaxation
times for well resolved fast and slow modes,'>®-1° although
higher time resolution measurements make clear that the ac-
tual spectra are broader than Lorentzian.>® We fit the spec-
tra to an equation representing the deconvolution of the total
scattering spectrum into an elastic and two quasielastic func-
tions, corresponding, respectively, to incoherent scattering of
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—v— resolution
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015}
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FIG. 2. Dynamic structure factor summed over all Q values (0.31 < Q (A’l) < 1.71) for PBD, the nanocomposite, and at 285 K the neat CB. Also shown is
the resolution function from S(E) measured for PBD at 4 K, which provides completely elastic scattering.
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FIG. 3. Dynamic quantities from fit of Eqs. (1)—-(3) to S(Q,E). (a) Ratio of quasielastic incoherent structure factor for the nanocomposite to that for the neat
PBD. These QISF values were averaged for Q > 1.16 A~!. Inset shows the sum of QISFfus and QISF gy, for the two samples. (b) Corresponding relaxation
times, with values for the slow process determined at the two indicated scattering vectors; relaxation times for the fast mode showed no Q-dependence and the
plotted 7 are the average for all Q > 1.16 A1, For the filled PBD at the highest temperature (240 K), 74 is beyond the time resolution (~1660 ps); the
approximate value was obtained after deconvolution of the resolution function (Eq. (2)). Error bars here and elsewhere represent one standard deviation.

an immobile and two relaxational (slow and fast) modes.'> !

In normalized form
S(Q. E) = DW(Q)EISF(Q)S(E)
+ QIS Fy0w(Q) Lisiow(Tsion(Q), E)
+ QISFpasi(Q)L fast (T pasi (Q), E)]

QR(E), 2

where ® signifies convolution, and

'@
E2 +(I'(0)*

The DW, L, I', and R(E) are, respectively, the Debye-
Waller factor, a Lorentzian function, the half-width at half-
maximum of the QES peak, and a resolution function. (An
example of this peak-shape analysis is shown in Figure 3 of
the supplementary material'®.) EISF(Q) represents the elastic
incoherent scattering factor. The quasielastic incoherent scat-
tering factor (QISF) is obtained from the amplitudes and re-
flects the respective fractions of the slow and fast relaxation
mode.

In principle the Q-dependent fit parameters obtained
from the QES peak analysis provide information on the re-
laxation timescale, mobile fraction, and diffusion distance;
however, the approximation of the relaxation spectra as
Lorentzian limits the amount of quantitative information that
can be extracted. Nevertheless, microscopic models of re-
laxation processes based on Lorentzian functions have been
shown capable of providing at least qualitative interpretations
of incoherent scattering from polymers,'*®:20:21

Figure 3(a) shows the ratio of QISF for the bound rub-
ber to that for neat PBD. The QISF is averaged over the O
range (1.16-1.71 A=) in which the total QISF has reached an
asymptotic value. For both the slow and fast processes at all
temperatures, QISF of the bound PBD is less than for the neat
PBD. The ratio in Figure 3(a) is proportional to their relative
mobilities, so these data show directly local immobilization in
the nanocomposite. The QISF ratio is closer to unity for the
fast process, increasing more strongly as temperature is low-

L(T(Q),E)=n"" A3)

ered, indicating less restriction due to CB than for the slow
mode.

The characteristic relaxation times of the two dynamic
modes are plotted as a function of inverse temperature
in Figure 3(b). The relaxation time for the slow process varies
with Q, while 7y, shows no significant dependence on scat-
tering vector (and thus was averaged over all Q > 0.5 A‘l).
This Q-invariance is consistent with the fast process being
more local, and thus less affected by proximity to the parti-
cles. As opposed to the slow process, the temperature varia-
tion of the relaxation time of the fast mode is largely unaf-
fected by the CB at all temperature (Figure 3(b)).

Diffusion constants of the slow process, Dy, Were ob-
tained by fitting a jump diffusion model?” to the Q-dependent
half-widths to (see Figure 4 of the supplementary material'?)

Dslow Q2

1+ Dslow szO 7
where 7 is the waiting time. Note that this analysis describes
only local diffusion, given the limited temporal and spatial
scales of the QES measurements. Similar to the trend of ,,,
(Figure 3(b)), the difference for Dy, between the bound
and neat rubber becomes substantial (factor of ~2) at lower
temperatures (Figure 4). The characteristic jump distance,
defined from the diffusion constant as L = /6ty Dy, and
listed in Table I, shows no significant changes at temperatures
>270 K, falling in the range 1.8-2.3 A. This magnitude is
consistent with determinations of the length scale of monomer
diffusion for 1,4 polybutadiene derived from scaling of the
macroscopic viscosity with the interchain pair correlation
function probed by neutron spin echo spectroscopy.>* At 240
K there is insufficient diffusion over the available time win-
dow and Q values for an accurate analysis. The diffusion
constant at such low temperature was estimated by assum-
ing simple linear diffusion (I'(Q) = Dy, 0?),22®"?* instead of
Eq. (4). This assumption is justified because for such limited
diffusion, 7 is small relative to the diffusion time.

Figure 5 shows the DCS dynamic structure factor
summed over a Q range of 0.2 A~! < 0 <2 A~'. Broadening
of the QES and the boson peak is apparent in both samples at

Cyiow(Q) = (4)
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FIG. 4. Diffusion constant, Dy, of neat and bound PBD, obtained from the
QES half-widths using Eq. (4); the parameters are shown in Table I. These
data do not represent absolute diffusion properties because of the limited en-
ergy and time resolution.

all sub-T, temperatures; however, the dynamics of neat PBD
shows greater intensity than for the filled sample. Similar to
the HFBS results, the ratio of DCS-QISF (integrated in the
energy rage from 0.6 to 20 meV) of the bound to neat PBD
increases as temperature decreases (Figure 5, inset). At 60 K,
the number of mobile sites, which involve only the fast pro-
cess and collective vibrations, is essentially equivalent for the
neat polymer and the nanocomposite.

C. Dynamic mechanical results

Dynamic mechanical measurements between 177 and
315 K were carried out on the neat and filled PBD (the latter
measured as prepared because the extracted material lacked
the cohesiveness required for mechanical testing). The spec-
tra are shown in Figure 5 of the supplementary material'?.
In Figure 6 are the relaxation times, defined from the fre-
quency of the peak, (2 vpeak)’l, for the local segmental and
global chain modes. The data for the neat polymer are consis-
tent with literature results for polybutadienes having similar
chemical structure.>> At the shear strains employed (~0.1%),
the nanocomposite exhibits no Payne effect;? i.e., the re-
sponse was linear (Figure 6 of the supplementary material'?).
Even though the filled sample contains unattached PBD
chains, both the local and global relaxation times are longer
than for the neat PBD. The difference in dynamics between
the neat PBD and the nanocomposite corresponds to about
a 1 K difference in glass transition temperatures. This dif-

TABLE I. Jump diffusion model parameters (Eq. (4)).

Temperature (K) 300 285 270
70 (ps) PBD 142+ 16 214 4 35 357 4 50
70 (ps) PBD/CB 254 + 49 387 + 67 647 + 74
L (A) PBD 1.83 1.84 2.04
L (A) PBD/CB 234 227 245

J. Chem. Phys. 139, 134905 (2013)
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FIG. 5. Dynamic structure factor of DCS summed over the range 0.2 < Q
(A’l) < 2 and normalized to the maximum elastic intensity of the resolution
spectrum for PBD (circles) and the nanocomposite (triangles) at the indicated
temperatures. The lowest curve is the resolution function, obtained as S(E) of
PBD at 2 K, for which the scattering is entirely elastic. Inset shows the ratio
of QISF of the bound PBD to that of the neat polymer, for QISF obtained by
integrating the QES intensity over the energy range, 0.6 meV < E < 20 meV
after correction for the instrumental resolution.

ference in local segmental mobilities seen in the mechanical
experiments is analogous to the observations for 7, (7) in
Figure 3(b). The temperature dependences are non-Arrhenius
behavior, with the only significant difference seen in the
stronger effect of temperature changes on the global chain
mode for the filled sample. The lines in Figure 6 are the fits of
the Vogel-Fulcher-Tamman (VFT) equation,?’

B )
T = To X ,
P T —T

10g, oz, [s])

local

B PBD segmental
2r O PBD/CB motion -
3 1 R 1 R 1 vy R 1
3.2 36 4.0 5.4 5.6

1000/T [K]

FIG. 6. Mechanical relaxation times for the terminal chain modes (upper
curves) and local segmental dynamics (lower curves) for neat PBD (squares)
and the CB nanocomposite (circles). Unlike the neutron scattering experi-
ments, the latter was not extracted in order to have sufficient mechanical in-
tegrity for the measurements.
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TABLE II. VFT fit parameters for mechanical relaxation times.

Mode log10(T oo (5)) B (K) To (K)
PBD Local segmental -94+£04 401 £ 34 163 £1
PBD/CB*  Local segmental —8.7+0.2 371 £20 164 + 1
PBD Global chain —45+1.1 1611 4780 123 £+ 35
PBD/CB? Global chain —37+£02 1089 £ 83 157 £ 4
4Unextracted.

with the values obtained for the constants 7., B, and T tab-
ulated in Table II.

IV. DISCUSSION

By employing an approximate analysis (Eq. (2)) ne-
cessitated by the limited time resolution, we identify two
relaxation modes (slow and fast) in both bound and neat
PBD, falling in the intermediate time range 40 ps to 2 ns.
There is ample precedent for an analysis limited to two re-
laxation modes: NMR results*®~*M have been interpreted
as reflecting two dynamic processes, the slower constrained
in the bound polymer layer at T > T,, but no difference
in the relaxation dynamics for the fast mode. By connect-
ing the intermediate scattering functions obtained from neu-
tron spin echo measurements of neat PBD in the range
3.5 ps <t < 1.4 ns and the viscosity at 100 us < t < 100
s, Richter e al.">® resolved two relaxations that were decou-
pled at T > T.. More recently, Kanaya et al.">® observed
the presence of a localized motion, which he termed the E-
process, in the time window of 20-400 ps at T > T,. This
E-process, attributed to isolated conformational transitions in
the tens of picosecond timescale at room temperature, was un-
affected by intermolecular cooperativity.'>®-?® The slow and
fast processes herein exhibit temperature dependences consis-
tent with those reported by Kanaya et al.'>®

Richter et al.?® determined that the jump length of
monomeric diffusion involving structural relaxation is around
2 10%; this agrees well with our result, L ~ 2-2.5 Afor T
> 270 K. This jump length pertains to the slow process of
the bound rubber at higher temperatures, and is about 25%
larger than for neat PBD, with a waiting time that is 1.8 times
longer (Table I). The decreases for the slow dynamic mode of
its relaxation rate by a factor of 2-2.6 (Figure 3(b)) and dif-
fusion constant by ~2.3 times (Figure 4) are accentuated at
lower temperatures (240 K).

Our QES experiments probe only atoms exhibiting mo-
bility within a relatively narrow energy range, so that PBD
segments chemisorbed onto the particles are clearly evident.
However, repeat units adjacent to tethered segments, that is,
within the correlation length of the slow process, will also ex-
perience slower dynamics. Additionally, “transient locking,”
whereby atoms are reversibly adsorbed at the CB surface, will
manifest as retarded dynamics. The substantial increase in the
waiting time without change in jump distance (Table I) is con-
sistent with a model of particle interactions involving such
transient arrest of the chain segments.

In contrast to most studies, neutron scattering experi-
ments with higher energy resolution*® reported that the mo-

J. Chem. Phys. 139, 134905 (2013)

bility of polyisoprene, defined by the breadth of the peak in
the density of states at ~25 meV, increased by ~1 meV be-
low T, in CB nanocomposites. However, a larger intensity of
the density of states was found in the neat polymer, suggesting
that the bound polymer has fewer mobile groups. This is simi-
lar to our sub-T, DCS results (Figure 5). Since the reinforcing
mechanism for carbon black involves hydrogen atoms from
the polymer interacting at the surface of the particle,? interfer-
ence from rapid reorientation of the pendant methyl groups on
the polyisoprene chain (analogous to the fast modes that are
unaffected by the CB) may lead to less constraint on the dy-
namics, and hence the qualitatively different effect of carbon
black on polyisoprene in comparison to the present results for
PBD.

V. SUMMARY

Quasielastic neutron scattering experiments comparing
CB-filled and neat PBD demonstrate differences in micro-
scopic relaxation rates, with partitioning of the dynamics be-
tween fast and slow modes. In contrast to a previous inelastic
neutron scattering study on polyisoprene,*® we find no indi-
cation of greater mobility of the polybutadiene due to con-
finement or other interaction with CB in the 0.03 ps to 2 ns
time span at temperatures encompassing the glass transition.
Rather we find that the local rigidity of PBD increases for
temperatures above the dynamic transition temperature. The
relaxation of the more localized fast dynamics is relatively
unaffected by the CB, while interaction with CB hinders the
slow dynamics, especially at lower temperatures. Supporting
our neutron scattering results, dynamic mechanical measure-
ments show that the segmental dynamics and the terminal
chain modes are both slower in the nanocomposite.
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