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ABSTRACT: We construct a microscopic theory for the elementary time
scale of stress relaxation in dense polymer nanocomposites. The key
dynamical event is proposed to involve the rearrangement of cohesive
segment-nanoparticle (NP) tight bridging complexes via an activated small
NP dilational motion, which allows the confined segments to relax. The
corresponding activation energy is determined by the NP bridge coordination
number and potential of mean force barrier. The activation energy varies
nonlinearly with interfacial cohesion strength and NP concentration, and a
universal master curve is predicted. The theory is in very good agreement
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with experiments. The underlying ideas are relevant to a variety of other 0.0 0.1 0.2 0.3 0.4

hybrid macromolecular materials involving hard particles and soft macro-

molecules.

Polymer nanocomposites (PNCs) are fascinating hybrid
soft matter systems typically composed of spherical rigid
nanoparticles dissolved in dense random coil polymer matrices.
They exhibit many appealing properties relevant to materials
science, colloid science, and even biology.l_4 PNC dynam-
ics"™ is rich and challenging to understand due to the
enormous amount of (often strongly cohesive) internal curved
surface area, complex microstructure, presence of multiple
length/time/energy scales, and large parameter space including
composition, nanoparticle (NP) size, temperature, interfacial
cohesion strength, and polymer degree of polymerization, N.

The dynamic complexity in PNCs is strikingly revealed in
the linear viscoelastic response which probes collective stress
relaxation associated with coupled NP and polymer motions
over a wide range of time scales. A cluster sol—gel dynamic
percolation model® captures reasonably well the isothermal
frequency and NP loading dependences of the viscoelastic
behavior based on two key assumptions:* (i) the large majority
of the polymer matrix is essentially unperturbed by NPs and
serves as a viscous background for cluster motion and (ii)
rubbery polymer bridges connect NPs and act as effectively
permanent bonds for NP cluster formation. Dielectric
measurements’ ' confirm assumption (i), from the segmental
to macromolecular scale. Taken literally, assumption (ii)
implies the anchoring segments of bridges do not desorb on
the probed time scales, which is consistent with the
observation of an ultralow frequency elastic modulus plateau'’
beyond the bond percolation threshold. However, bridging
“bonds” are not literally static and undergo slow local dynamics
on the experimental time scale.””"*

The fundamental question of the temperature dependence
of the stress relaxation time underlies the ability to construct
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master curves of the viscoelastic storage and loss moduli as
encoded in a rheological “shift factor” that sets the elementary
time scale of slower and larger length scale dynamical
processes (time—temperature superposition).g’m’lS Its ob-
served strong dependence on NP loading suggests the presence
of a dissipative relaxation process associated with local
rearrangement of polymer—NP complexes (pairs of NPs
tightly bridged by polymer segments), in addition to the
usual friction due to interpolymer forces. Recent experiments
ar]goued the elementary relaxation time for viscoelastic response
is

AE
Trheo(T) ~ poly(T)eﬁ (1)

where f is the inverse thermal energy (1/kgT), 7,0, (T) is the
structural or alpha time of the matrix polymers, and AE
phenomenologically defines an activation energy for bridging
complex relaxation based on viscoelastic data, the microscopic
origin of which is not known. The ratio of 7,.,(T) at two
different temperatures defines the viscoelastic shift factor.
Analysis of experimental data”'® using eq 1 suggests that when
polymer size (2R,) is comparable to or larger than the NP
diameter (D = 2R; see Table S1), AE is nearly N-independent.
Systematic exploration of the dependence of AE on D is largely
absent given the interest in nanoscale materials where typically
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D ~ 10—20 nm. Strikingly, experiments find AE can be very
large and varies strongly with both NP loading and interfacial
attraction”' % (see Figure S1); for example, in silica-based
PNCs, AE ~ 25kgT at room temperature for PVAc at 40%
loading, and AE ~ S, ~10, and ~30kgT at 20% loading as
polymer chemistry changes from PVAc to PMMA to p2vp,!”
respectively, corresponding to increased interfacial attraction.
These dependences of AE on adsorption energy (e,,) and NP
concentration are not understood.

Our goal is to develop the first microscopic statistical
mechanical theory for the fundamental energy scale AE. A
recent speculative phenomenological model'’ postulated the
equilibrium number of rubbery bridges per NP controls AE,
apparently invoking bridge desorption as the origin of local
dissipation. It assumes AE scales as the mean areal density of
bridges which was crudely estimated based on de Gennes’
analysis'® of a chain confined between two parallel flat and
nonadsorbing surfaces separated by (hjpg). This analysis yields
AE ~ €pn<hIPS>_2) where (hpps) ~ 2R [(¢RCP/¢)1/3 — 1] is the
mean interparticle surface-to-surface distance assuming a
random microstructure, with ¢ the NP packing fraction and
@rcp its random close packing value. The ¢ dependence of AE
follows from (hppg) decreasing from ~R, at low ¢ to the
segment or Kuhn scale at high ¢, independent of €, by
assumption.'’ Curiously, this postulate is gualitatively the same
as invoked in the sol—gel cluster model” but for an entirely
different property, the elementary elastic modulus, Gpy ~
(Myear) > Here, (h,,) is a mean nearest neighbor NP spacing
defining the characteristic rubbery bridge size,” which was
computed using an oversimplified hard-sphere fluid model. We
are not advocating the AE ~ (hpg)™> ansatz as a causal
explanation of the dynamical shift factor physics, but recent
experiments find that it empirically cagtures quite well the ¢
dependence for some,”'? but not all,"® PNCs, and worsens if
(pear) is used as the characteristic bridge size® (see Figure S2).

Why an entropic elastic shear modulus and segment-scale
activation barrier should follow an identical dependence on NP
loading is a conceptual puzzle. Moreover, the bridging chain
desorption scenario for AE conflicts with the sol—gel cluster
model based on very long-lived bonds,®"? the existence of a
low frequency elastic plateau,'® and the “glassy brid§e” concept
which does not address the shift factor problem.””*" It also
conflicts with the fact that the NP microstructure is not
random but exhibits strong polZmer—mediated NP local
clustering, per many theoretical,>*™>* simulation,”™** and
(indirectly) scattering measurements.”” The latter studies find
the strongest bridges are “tight” and of a nearly loading and N
independent size, for example, ~2 segments thick. In this
Letter we construct a quantitative theory for AE based on a
qualitatively different physical picture (sketched in Figure 1)
that is consistent with strong adsorption and long-lived tight
bridges, which we argue is valid for all loadings for the large €,
systems of interest. The key physics is the tight bridge NP
coordination number and barrier for NP relative motion.

The idea that tight bridges dominate the dynamically long-
lived polymer-mediated bonds between NPs seems natural
given the strong confinement of bridging segments between
adsorbing surfaces is akin to an ultrathin capped film.”**" It is
also consistent with bridges being strong but short-ranged.”"**
This perspective motivates our core hypothesis: the rate
limiting elementary time scale and real space event for stress
relaxation involves activated dilational motion of all NPs in a
bridging complex on the segmental (~1 nm) scale in order to
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Figure 1. Schematic of the polymer—NP tight bridging complex
structure. The small scale activated relative dilational motion of NPs is
indicated by the pink arrows. Three classes of elementary polymer
units are indicated: background matrix (gray), adsorbed interfacial
layers (green shells), and bridging segments (green disks).

loosen confinement constraints on the bridging segments
which triggers an irreversible rearrangement event that is the
origin of the extra friction encoded in the rheological shift
factor. Explicit treatment of polymer chain desorption is not
relevant in our proposed physical scenario. Desorption of
segments not in a tight bridging confined configuration can
occur but, per dielectric experiments,”'? are viewed as much
faster than bridging complex relaxation and thus enter via the
first factor on the right-hand side of eq 1. In this sense, no
single NP “glassy layers” are invoked. We refer to the key event
as the “bridging complex local relaxation”, and the appropriate
theoretical object to quantify it is the NP potential-of-mean
force (PMF). Our physical idea implies the dynamical physics
in the shift factor is spatially local, consistent with it being the
quantity that allows master curve construction for slower and
longer length scale relaxation processes, and consistent with
the relatively short-range of the PMF (a few segment
diameters, per Figure 2c below) that controls NP dilational
motion.

The physical idea sketched in Figure 1 implies AE is the
product of the NP tight bridging coordination number
(number of nanoparticle “bonds” per NP, not to be confused
with the number of rubbery strands), ny, and the
corresponding PMF barrier, Aw, that must be surmounted
via thermal fluctuation to achieve the relative displacement of
all the bridging NPs associated with a local complex:

AE =~ nyAw (2)

Both ny and Aw depend on equilibrium structure and are rich
functions of ¢, size ratio (D/c), dimensionless total packing
fraction (7), the bare interfacial attraction strength (e,,), and
spatial range in units of segment size (). The precise
definition of a “tight bridge” is given below. Equation 2 is a
qualitatively different conc%ption of the “dynamically-relevant
bridge” than the postulate'’ underlying AE ~ Epn{hips) 2.

To implement eq 2 requires the NP pair correlation
function, gnn(r). We compute it using the most accurate
version of PRISM integral equation theory’® with the
modified-Verlet closure®”” (validated against simulation™)
which predicts tight bridges for the strong short-range
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Figure 2. (a) NP pair correlation function, (b) cumulative NP coordination number, and (c) NP potential-of-mean force (PMF) as a function of
reduced intersurface distance at different loadings for ffe,,, = S, D/o = 10, and 77 = 0.6. For clarity, curves are shifted vertically in (a) by constants of
2,4, 6 for ¢ = 0.16, 0.27, 0.33, respectively. The dotted vertical line in (a) and (b) indicates the inter-NP separation where Z(r,,) = nz. The inset of
(b) shows the predicted size ratio dependence of the NP percolation threshold for several values of e,y for the PNC (solid curves) and hard-
sphere fluid (dashed curve) models; one silica—P2VP experimental data point® is shown (symbol). Panel (c) shows the NP PMFs and an example
of how their barriers, Aw, are determined for ¢ = 0.06. The cartoon depicts the reorganization event of a tight-bridge of two NPs (arrows are

exaggerated).

attractions characteristic of miscible PNCs.””***® The
corresponding PMF is W, (r) = —kzT In g,,(r), from which
one can determine Aw. A minimalist (validated against
scattering measurements” %) single effective interfacial
energy model” is adopted: nanoparticles are hard spheres,
polymers are semiflexible chains of tangentially connected
hard-spheres or “beads™** of diameter o and persistence length
lp/a = 4/3, the bead—NP
Upn(r) = —epne_(’_’c)/’”’ for r > r, where r. = (D + 0)/2.
The microscopic parameters are a priori chosen based on
PRISM theory analysis of X-ray scattering patterns of silica—
PV2P PNCs:” a = 0.5, = (p,6° + p,.D*)7/6 = 0.6, D/o = 10,
¢ = p,D’n/6 = 0—0.4; values of fepn = 3—7 are explored to
mimic different NP—polymer chemistries (all in the strong
bridging regime). To connect with the experiments of present
interest, we take 6 ~ 1.5 nm (so D ~ 15 nm) and N = 100
corresponding to 2R,/D ~ 1; our results are insensitive to N
beyond this value. Although PRISM theory predicts bridging-
driven phase separation for the studied model,”® all analysis
here is in the globally homogeneous region.

Representative results for g,.(r) are shown in Figure 2a
plotted as a function of intersurface distance djpg = r — D for
Pepn = 5. For ¢ < 0.27, the first sharp and intense peak at dipg
& 20 corresponds to the dominant and strongest tight bridging
configuration. As NP loading increases, a tighter bridging peak
emerges at djps & 1o. Importantly, the bridging configurations
are very well-defined as indicated by the remarkably flat and
nearly zero value of g,,(r) in the interstitial region; modest
smearing occurs at higher loading due to many-particle effects
(more NP neighbors). These pair correlations qualitatively
differ from those of the hard-sphere (HS) fluid model® (see
Figure S3).

Given the predicted migration inward of the first
coordination shell with ¢, we consider all NPs within djpg <
20 from a tagged NP as constituting “tight bridges”. Figure 2b
shows the cumulative NP coordination number as a function of
distance r from the center of a tagged NP, Z(r) =
[ dr'4nr’?p,g..(r'), at different ¢ values. The striking plateau
of Z(r) (absent for the HS model, see Figure S3) that emerges
at dpg ~ 20 defines the NP tight bridge coordination number,

and attraction is
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that is, ny = Z(r,,), where r,, is the first local minimum of
gun(r > D + 20).

Although the bond percolation threshold plays no special
role in our theory for AE, we can employ the computed ny to
estimate it. Besides its relevance to viscoelasticity (a fit
parameter in the sol—gel model®), it serves as another check on
our structure calculations. We estimate the percolation
threshold based on the criterion ny(¢).) = 2. The inset of
Figure 2b shows the size ratio dependence of ¢, for /)’epn =3,
and 6.8. It increases with D/c and tends to slowly saturate at
large D/, trends in agreement with silica—P2VP experiments.”
The experimental ¢, for D/c ~ 10 is close to the fe,, = 6.8
curve, an attraction energy quite similar to that independently
deduced value of ~5.2 based on matching PRISM theory and
X-ray scattering data for P2VP—silica PNCs.” The percolation
threshold sensibly decreases with attraction strength. Analo-
gous results for the HS fluid model are also shown and exhibit
significant differences reflecting the absence of polymer-
mediated bridging.

The ¢-dependent PMF quantifies the free energy cost to
bring two NPs from infinitely far apart to a fixed separation, r.
A barrier is the difference between the PMF values at an
adjacent local maximum and minimum, which are separated by
a small distance of ~0.56. Figure 2c shows there are two tight
bridging minima at dpps ~ ¢ and ~20 denoted as s, and s,,
respectively. At low to moderate ¢, only the s, state is relevant,
and Aw is the difference between the local PMF minimum at
dips ~ 1.80 and the maximum at djpg ~ 2.20. The PMF barriers
can be rather high (~6k;T) for tight bridging states (djpg ~ 1—
20), which reflects generic local packing correlations in dense
liquids. As loading increases, the local PMF minimum
decreases modestly (stronger bridge), but the local maximum
drops more rapidly, with the net result that the PMF barrier
decreases with loading. The relative probability NPs are in the
tightest s, state grows substantially at high loading, resulting in
two PMF barriers becoming important. As discussed in SI, the
two tight bridging states are accounted for in a simple, but no
adjustable parameter, manner by computing an average PMF
barrier determined via weighting the 2 contributions with the
coordination number z; in each shell for all ¢, that is, Aw =
(z,Aw, + z,Aw,)/(z, + z,), which recovers the single s, barrier
at low ¢.

https://doi.org/10.1021/acsmacrolett.1c00732
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Figure 3. NP loading dependence of (a) tight bridge coordination number, (b) PMF barrier, and (c) activation energy AE = nzAw, for D/ = 10,
= 0.6, and varying attraction strength f,,,, as indicated. Solid curves in all main panels are guides to the eye except for (a), which are fits to Agpe™.
Insets: (a) log—linear plot of the contact value of g,,(r) vs ¢ with linear fits, (b) Aw vertically shifted by €npr and (c) collapse of SAE(¢) scaled by A

with a master curve fit to A’¢pe®? (see main text for details).

Figure 3 shows our main results: the NP tight bridging
coordination number, PMF barrier, and dynamic activation
barrier, as a function of loading and fe,,, for fixed D/c = 10
and # = 0.6. For a given attraction strength, ny grows strongly
with NP loading, and the results are well described (Figure S6)
by an exponential growth law, ng(¢p) = Agpe??, with A ~ 2.2
insensitive to fe,, and B = 0.86f¢,, + 2.9. This form is
physically motivated by the predicted delta-function-like
bridging peaks in g,,(r) at r; and r, (Figure 2). Since ny
/ T4nr'*p,gun(r'), it follows that roughly ng ~ ¢gc,m(¢,ﬂ€pn),
where g i = gun(r1) + gun(r). Numerically, we find
Serot(DiPeyn) = 2711 + 1200 (see inset of Figure 3a),
leading to the above expression for ny. Given g,,(r) = ¢ Wm0,
this analysis also suggests a linear growth of the PMEF
minimum —fW,,, ., with ¢.

Figure 3b shows the PMF barrier (dominated by local
minima of g,.(r)) generally decreases with loading until
tending to saturate at high ¢. This decrease reflects the
reduced free energy cost of a locally unfavorable separation of a
tagged pair of NPs since there are more close by NPs at higher
loading. Such behavior differs from the loading dependence of
the bridging adsorption energy defined from the PMF minima
(local maxima of g,,(r)), which always deepens with growing
@. An interesting data collapse of the PMF barrier is predicted
for different ffe,,, based on a vertical shift of Aw by €, (inset of
Figure 3b), suggesting a roughly additive dependence. Both n;
and Aw grow with fe,, and vary nonlinearly with loading
which reflects correlated local structural changes beyond a
naive mean field picture.

Assembling these results in eq 2, the resultant AE is
predicted to grow in a strongly upwardly curved nonlinear
manner with both loading and attraction strength (Figure 3c).
These dependences are much stronger than the growth of the
thermodynamic interfacial cohesive energy density or cohesion
per monomer (see Figure S8). The subtle curve wiggling at
small fe,, reflects the weakly nonmonotonic behavior of the
PMF barrier when ¢ > 0.25 and our simple averaging model
for the two tight bridging states. Strikingly, an excellent data
collapse is achieved by rescaling AE with a fe,,-dependent
constant (inset of Figure 3c). This suggests that the dynamical
consequences of ¢ and fe,, on the activation energy are
(perhaps surprisingly) multiplicative. The numerical results are

well fit by an exponential form: SAE(¢, ﬂepn) = A'peP?, with
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A’ ~ 0.024(fe,,)*® + 6.88 and B’ ~ 5.2. A power law fit is
inferior and less physically motivated (see SI).

The theoretical AE(¢) results are compared to experiments
(silica PNCs with PVAc,'"® PMMA,"® and P2VP**°) in Figure
4 by varying the single adjustable parameter f¢,,, that defines
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Figure 4. Experimental activation energies (symbols) for silica-based
PNCs with different polymer chemistries (see text for refs.): PVAc (D
= 14 nm, M,, = 40k (diamond)), PMMA (D = 1S nm, M,, = 49k
(circle), 92k (star)), P2VP (D = 18 nm, M,, = 38k (square); D = 14
nm, M,, = 105k (plus), 554k (cross)). A reference temperature of 453
K is chosen for unit conversion. Theoretical predictions are smooth
curves for fie,,, = 3 (dotted), 5 (dashed), 6.8 (solid). Inset: collapse of
rescaled experimental data JAE/A compared to the theoretical master
curve (same as inset of Figure 3c). Here, 4 = 1, 2.1, and S for PVAc,
PMMA, and P2VP, respectively.

the chemistry-specific segment-NP adsorption energy. The

experimental data are extracted wusing
In( @) = AE—((]S)(i — L) per eq 1, where T, is the
ar,o kg T Tt

reference temperature and ar(¢)) and ar, are the PNC and
pure polymer melt rheological shift factors, respectively. While
the dielectric shift factors aro(¢) were used'’ to characterize
the polymer matrix dynamics at finite loadings, it is nearly
invariant to NP loading™'® and agrees with the pure polymer
melt rheological shift factor. Hence, different choices of ar
have no significant effect on the resulting AE(¢) (see SI). No
obvious N-dependence of AE(¢) is found for the PMMA and
P2VP systems for which 2R, or R, > D.

https://doi.org/10.1021/acsmacrolett.1c00732
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Figure 4 shows very good theory—experiment agreement for
the silica—P2VP systems that are expected to have the largest
interfacial attraction, with fe,, = 6.8 consistent with our
percolation threshold analysis (inset of Figure 2b). For the
PVAc and PMMA systems, the theoretical results using weaker
attractions of fe,, = 3 and S, respectively, are also in near
quantitative accord with the AE data. The absolute and relative
magnitudes of the attraction energies are chemically sensible
and agree with the fact that PMMA—silica has a stronger
attraction than PVAc—silica.’® As a further test of the
theoretically predicted multiplicative form of the ¢ and fe,,
dependences of SAE, we rescale the experimental AE data by a
parameter A = 1, 2.1, and S for the PVAc, PMMA, and P2VP
systems, respectively. A good master curve is obtained as
shown in the inset of Figure 4, and the functional form is in
excellent agreement with the theory.

In summary, we have formulated the first microscopic theory
for the elementary time scale of viscoelastic response in PNCs
with strong interfacial cohesion. The key process is proposed
to be a thermal fluctuation driven small relative dilational
motion of NP pairs which facilitates reorganization of tight
polymer bridges. The dynamic barrier or activation energy is a
product of the NP tight bridge coordination number and
associated PMF barrier. It grows nonlinearly with increasing
interfacial attraction strength as a consequence of changes of
confined interfacial polymer packing as embedded in the PMF.
Notably, this rich dependence on interfacial cohesion does not,
to leading order, modify the basic exponential growth of the
activation energy with NP concentration. All the theoretical
results are in good agreement with experiments.

We believe that the demonstrated level of theory—experi-
ment agreement, along with verification of our predictions for
master curve behavior, strongly supports our proposed idea
that the dynamically relevant polymer—NP complexes involve
tight bridging for all loadings. However, surprisingly, our
theoretical calculations are also consistent with the phenom-
enological AE ~ (hpg)™ (and related) loading dependence
discussed previously in this Letter (see Figure S2). But the
underlying physical picture is different since it assumes a
uniform NP distribution that conflicts with PRISM theory
predictions and our theory for the dynamic shift factor. The
present advance sets the stage for understanding other
questions and systems such as the shift factor in polymer
blends,*""** the role of NP size,” and PNC elastic modulus
reinforcement at intermediate and low frequencies.
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