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ABSTRACT: We use computer simulations to study the mechanisms governing the linear viscoelasticity behavior

of composites of spherical nandofillers dispersed in polymer melt matrices. Our results suggest that particles can
influence the viscoelastic properties of the system by a variety of different mechanisms. On one hand, the particle-
induced effects on the dynamics of polymer segments modify the relaxation spectrum of the polymers. Second,
particle jamming effects lead to slow relaxations and substantial enhancements in elasticity. Finally, our results
suggest that the strain field distortion caused by the presence of rigid inclusions also affects the overall modulus
of the composite. For our model system, we delineate the regimes and frequencies at which the different effects
manifest and also suggest how the picture can be generalized for parametric conditions different from our

simulations.

Mixtures of polymers and particles occur in a variety of measurements of the linear viscoelastic properties of PNCs have
practically important applications such as paints, coatings, andsuggested that PNCs display strong enhancements in the
rheological modifiers:? In many of these applications, the elasticity (plateau modulus) with increasing concentrations of
polymer size (i.e., the length scale controlling polymer physics, the particulate phasé$151720.21Moreover, in a number of
denoted in this article aBy) is much smaller than the size of  systems, the latter has manifested in almost a solidlike behavior
the particleR. This limit, termed the “colloid” limit, is also the  with a plateau in the storage modul@qw) persisting at even
regime which has seen many advances in models and simulatiorextremely low frequencie¥:17-19.21 While the experimental
approaches for predicting the equilibrium and dynamical proper- results have been quite generic, physical explanations of these
ties of polymer-particle mixtures’ More recent applications  phenomena have been somewhat divided. Early observations
have involved polymerparticle mixtures in the “nanoparticle  of the solidlike behavior have rationalized it as a purely particle
limit”, where the size of the polymer is comparable to or larger phenomena, viz., arising from the jamming of the (highly
than the particle size. For instance, in materials broadly termed anisotropic) particulate phas&st?21The latter was speculated
as polymer nanocomposites (PNCs), nanoparticles of differentto arise upon exceeding the percolation or the glass transition
shapes with sizes in the range 50 nm (comparable t&;) are thresholds for loading of the fillers. More recent observations
routinely dispersed in polymeric matrices to enhance their (and simulations) have suggested that polynpearticle interac-
propertiest 6 Many such efforts are motivated by experimental +tjons can also lead to such effeé#d9.24.25The |atter can arise
observations which have suggested that at loadings wheregjther due to enthalpic interactions or physicochemical hetero-
modest property enhancements were reported for colloidal yeneities which leads to significant reductions in segment
particles either significant or novel property enhancements can mobility near the particle surfacé&:% It has been proposed
be attained for nanoparticle fillefsé However, efforts to that in such instances the polymer segments can be “im-
translate these observgtions to systematic strategies havg brc,’ugh’ﬁobilized” near the particles, leading to the formation of
forth many new physical aspects and challenges highlighting ,, icje-mediated transient polymer networks which can result
the subtleties of the nanoparticle limit. For instance, for ;. significant enhancements in elastict?*25Finally, a third
equilibrium properties, features such as the curvature of the mechanism, with origins in continuum mechanics, h,as also been

particle rellative. to the po'y”.‘er size, polymdiller interactions, suggested for the above effects. Indeed, just the addition of
and the fillerfiller interactions have all been shown to play microscopic filler particles to polymer matrices results in a

an important _role N o_letel(r)mmlng the ghspersmn stab|||ty and distortion in the applied strain fields, leading to an enhancement
thermodynamic behavidr™®At a dynamlca_l and/or rheplo_gpal in the macroscopic viscoelastic properties of the compéksité.
level, where much progress was made in the colloid limit by The latter effects could also in principle lead to complex

modeling the polymer matrix as a structureless continuum non- . .
Newtonian fluid* experiments have clearly suggested a break- rheological responses when considered for the PNC system.

down of this “continuum-solvent” wisdom in the nanoparticle ~ In this article we use computer simulations to address the
regimel2 guestions: “How do nanoparticles modify the viscoelastic
The successful fruition of applications involving PNCs behavior of polymer matrices?” “What are the mechanisms
depends on their processability, which in turn is dependent on underlying these influences?” “What parameters govern these
understanding and controlling their flow behavior. Not surpris- mechanisms?” To this objective, we consider a somewhat
ingly, the rheological behavior of PNCs has attracted significant idealized, albeit well-characterized, model system, viz., one
attention~613-23 and a number of intriguing phenomena have involving hard, spherical nanofillers well-dispersed in unen-
been observed. In the present article we focus on the lineartangled polymer melt matrices to delineate the physics governing
viscoelasticity characteristics of the PNCs. Many experimental the linear viscoelasticity behavior of PNCs. By choosing the
model of spherical fillers, we take advantage of the fact that

* Corresponding author. E-mail: venkat@che.utexas.edu. much is known about the equilibrium and dynamics of spherical
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particles in viscous and elastic media. For instance, the mobility near the particles, and the latter is accounted naturally
percolation threshold for random packing of spheres (cf. also through the interparticle interactions. As an outcome, we present
discussion in section 2) is expected aroypd= 0.3373° the the proposal that all three mechanisms discussed earlier
glass transition occurs arourgy = 0.584%4! Moreover, at a contribute to the viscoelastic properties of PNCs. The polymer
continuum level the influence of spherical particles on the mobility effects manifest at lower particle loadings, and we show
viscosity and elasticity of the suspension is well-understgéd? that the formation of a strict network requires a significant
To place our study in the context of applications, we briefly Slowing down of the polymers. More importantly, our results
discuss the parametric conditions accompanying our study angSuggest that the formation of such a network is not a necessity
their relationship to experimental situations. Viscoelastic proper- for the enhancement in viscoelastic properties. Rather, the
ties of PNCs are controlled by the interplay between three length Particle-induced changes in polymer dynamics can even oth-
scales: the filler siz®, the polymer siz&;, and the interparticle ~ €"wise lead to important effects on the linear viscoelastic
distanced. We note that earlier pioneering studies by Srifth, properh_es._S_econd, we demonstrgte t_hat particle interactions also
Glotzer®s and Kuma#446 and co-workers have examined Play asignificantrole, albeit manifesting only at higher particle
different aspects of this parameter space. Of these, we note that0@dings. In the latter regard, we suggest that the resulting effects
the seminal study of Smith and co-work¥rsonsiders issues ~ are more s!mllar to the behavior of colloidal suspensions near
closest related to our work, albeit the parameters and analysisglass transition. Finally, we present more speculative evidence
methodology employed are different. Experimental situations that the stra_un-flel_d dlstortlon-lno_luced enhancement also plays
involve RIR; ~ O(1) for systems such as laponitéand silica & role, albeit at higher frequencies.
nanoparticles tdR/Ry = 10-50 for montmorillonite clays# The rest of the article is arranged as follows: In section 1
While we cannot simulate this wide a spectrum of polymer and we present an overview of the simulation approach. Most of
particle sizes, the results presented in the subsequent sectionthe details and parameters are relegated to the Appendix. In
consider different polymer sizes such tHRIR; ~ 0.5-2.5. section 2 we present our results for the linear viscoelastic
Further, we consider only cases of nonagglomerated, well- behavior of PNCs. In sections 3.1 and 3.2 we discuss the
dispersed (exfoliated) particles where the definition of the filler mechanisms underlying the oscillatory shear results. In section
sizeR is unambiguous. Second, in most PNC systems, almost4 we present the results of a modified Rouse model to mimic
all interesting rheological effects have been observed in the and study the relative effects of transient network formation
regime where the interparticle distanteatisfiesd/Ry < O(1). and particle jamming. In section 5 we present our conclusions
To capture latter effects, we consider a range of nanoparticle with an outlook for future work.
volume fractions and polymer sizes such that the extreme
situation of the longest polymers in the densest suspensionl. Simulation Details

corresponds to the interparticle distandéfg, ~ 0.1. To probe In our simulations, we consider a model of spherical
such regimes, the use of a spherical nanoparticle necessitateq qfjjiers of a fixed size (the radius denotBd= 2.5 units)
us to use volume fraction ranges (loadings) significantly higher dispersed at different loadingg)(in a coarse-grained model of

than those used in experimerts®1? polymer matrices of different chain lengthé. The Ry of the

Our simulation methodology (elaborated in the next section) polymer ranges from 1.7 units fddp = 8 (Ry/R = 0.7) to 6.0
is a coarse-grained approach and does not account for theunits forNp = 96 (R/R = 2.4). A weak attractive interaction
entanglement effects between polymers. This feature contrastsexists between the nanoparticle and the polymer segments such
with many experimental situations involving PNCs. However, that direct particle-particle aggregation is eliminated. The
we anticipate that many of the qualitative conclusions presentedequilibrium and dynamics of this system are simulated by a
in the following sections will remain equally valid for entangled recently proposed variant of the dissipative particle dynamics
systems, with the possibility that a more richer phenomenology (DPD) approack?48 An earlier publicatiof® used the above
can manifest in entangled systems due to the influence of simulation method to simulate the dynamics of spherical
additional time and length scales controlling the dynamics of particles in simple fluids and demonstrated excellent agreement
the polymer. Second, we also consider energetic interactionwith both experimental results and alternate theoretical ap-
parameters representative of a well-compatiblized nanocom-proaches. For the present work, we make minor modifications
posite melt where particle aggregation is minimized. Broadly, to the conservative forces and parameters (in addition to the
the sign of polymer-mediated interaction between the particles dissipative forces mentioned below) to account for the polymeric
depends on whether the local density of the polymer melt at nature of the solvent. In the following we make two comments
particle-polymer interface is lower or higher than the bulk regarding the simulation and present a summary of the method
density of the polymer melt. In the first case it leads to depletion and the simulation parameters in the Appendix.
attraction (and possibly aggregation), whereas in the second case The simulation approach propodédvas based on the idea
it leads to an accumulatietrepulsion (and stabilization). We o the fluid particle model developed by EspaféP and
have tuned the polymemparticle interaction to provide the  mogifies the dynamical equations of motion to admit shear

interfacial density of polymer melt to be high than the bulk forces to be transmitted between the simulation moieties. The
value to prevent aggregation. Such a method was used earliefatter mimics the frictional forces arising due to the relative

in our simulation of colloid particles in simple fluitiswhere movement of the coarse-grained simulation units. In the present
the absence of aggregation was verified by the calculation of work, we use this framework to directly incorporate the particle-
the particle-particle pair correlation function. induced effects on the polymer mobilities. This model is chosen

Within the above model, we use a combination of computer to mimic experimental observations which have suggested that
simulation results, models, and scaling arguments to examinethe mobility of the polymer segments near solid interfaces tend
the relative roles of polymer mobility reduction and the particle to be much lower than in the bulk. In an unfunctionalized
interactions for the enhancement in the linear viscoelastic polymer melt, the exact origin of this effect is still unresolved
properties of the polymer matrix. The former is directly but is speculated to be due3fothe increases in the glass
incorporated in our model through a reduced polymer segmenttransition temperature which results due to the weak increéf)%?
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in density that results near the surface (the increases in the Figure la-d presents the main results of this work, viz.,
density are necessarily small due to the highly incompressible quantifying the influence of the particles on the storage modulus
nature of the melt). Second, physical and chemical heteorge-G'(w) of the polymer matrices. The results displayed pertain to
neities of the solid surfaces have also been shown to cause @NC matrices of different chain lengtisp of the matrix
significant slowing of the polymer monomeis. polymer at four different particle concentratiohgsanging from

In our coarse-grained simulation model, we do not have dilute to the concentrated regimes. Our simulations probed the
access to the glass transitions of the polymer, nor is simulating Same range of frequencies for the different matrices, and hence
physicochemically rough particles computationally feasible. As the dynamical response corresponds to distinct relaxation
an indirect approach to mimic the above particle effects on regimes for the different polymers. Indeed, it is evident that for
polymer segment mobility, we introduce an enhanced tangentialNe = 8, 24, and 48 we probe parts of the Rouse and terminal
friction force between colloid particle and the polymer segments regimes, whereas fdie = 96 we probe the Rouse regime of
within the framework of the fluid particle model. Explicitly, — relaxation.
we choose our parameters such that the polymer segments The results corresponding i = 0.007 are expected to
experience an enhanced particle-induced friction (dengted closely approximate the behavior of a pure polymer matrix and
in the Appendix) compared to the segmeségment friction hence provide a comparison for studying the particle-induced
(ys9 in the bulk matrix. Because of simulation time and effects. From the results of Figure 1, we observe that the

efficiency constraints, we are able to mimic only relatively weak
mobility changes for the polymers near the particles. A
comparison of the reduction in mobilities to the simulations of

particles have qualitatively distinct effects depending on the
volume fraction of loadings. At low particle loadings € 0.11
and 0.33), the qualitative features (shapes) of the viscoelastic

Smith et aP® suggests that our values are reasonable in behavior are unaffected by the addition of the nanoparticles.
mimicking the effects observed near an adsorbing interface butAt a quantitative level, the particles lead to an increase in the
is much weaker than the effects observed near a heterogeneoumagnitudes of the storage modul@qw) (i.e., reinforces the
surface. Whence, we complement our simulations with the matrix) at all frequencies. Indeed, fgr = 0.33, we observe
results of a schematic dynamically quenched Rouse modelthat the magnitudes of the particle-induced enhancement
(section 4) which allows us to discuss the phenomena which becomes significantd(5—10)] at the low frequencies. On the
might manifest in the regime of strong mobility changes. other hand, at the highest particle loadingyof 0.5, we observe
Simulation approaches commonly use the Kubo forftifer? that the characteristic relaxations are dramatically slowed and
to discern the linear viscoelastic properties. However, recent evolve from the Rouse-like behavior to a solidlike relaxation
work by Barrat and co-worket$have demonstrated that such (G'(w) ~ »* a < 0.5) at the lowest frequencies. The latter
an approach is extremely error prone (unless long computationaleffect concomitantly leads to an extremely significant contri-
trajectories are used) and have cautioned against its usage fobution to the elasticity, where -4 orders of magnitude
systems involving polymeric components. Preliminary runs for enhancements i&'(w) relative to the pure polymer matrix can
our system appeared to confirm some of the arguments advancede noted.
by Barrat, and so we opted to extract the linear viscoelastic To corroborate the qualitative changes that occur between
properties by a direct simulation of the oscillatory shear using the lowest and the highest particle loadings, in Figure 2a,b, we
the nonequilibrium method outlined in Allen and TildesRy.  present the frequency dependence of 8n) = G'/G' for
The details of the latter are also presented in the Appendix. matrices withNp = 24 and 48. The latter quantifies the relative
contributions arising from the viscous and the elastic compo-
2. Linear Viscoelasticity: Oscillatory Rheology nents of the rheological respor®eand for viscoelastic fluids

In this section we present the results for the linear viscoelas- tand — « aso — 0 (reflecting the viscous nature of the fluid)
ticity of the PNC system obtained by imposing an oscillatory @nd tand — 0 asw — o (reflecting the elastic nature of the
strain. The strainy, was maintained at a value of 0.1, which  fluid), and slow, monotonic crossover between the above
was verified to be in the linear regime of the viscoelastic @Symptotic behaviors at intermediate frequencies. From our
response. In this section, we mainly present the results andresults, it is again Qbs_erved thaﬁ at loadings= 0.007, 0.11,
comment on their consistency with experimental observations. @hd 0.33, the qualitative behavior of tanresembles that of

In subsequent sections, we discuss the mechanisms underlying" unperturbed polymer matrix and exhibits a viscous behavior
the observations. asw — 0. In contrast, at the highest particle loadingdot=

We first comment on the behavior expected for the pure 0.5, it is_obsgrvgd f[hat tad ad.o.pts a positivel slope at IOW.
polymer matrix. The coarse-grained simulation approach em- Irequer;_((:jllglf, |tr)1d||qcat_|ng a transition from the viscous behavior
ployed in this work uses soft interaction potentials between the '© & SOICIKE be aV|o_r. ) _ i .
polymer segments and hence cannot capture the entanglement The above trends in viscoelastic behavior are qualitatively
effects of a polymer matri¥ Consequently, we expect the Consistent with experimental observations and already provide
dynamical response of a pure polymer matrix containing no SOme insights into the mechanisms. Many experimental results
particles to follow the Rouse behaviér® In such cases, the ~have suggested that the viscoelastic behavior at the high
linear viscoelasticity spectrum for the storage modudisy) frequencies qualitatively resembles the behavior expected for

is expected to show three characteristic reghthesparated by
the monomer relaxation times (denoteg) and the longest
relaxation timery (which for Rouse polymers scales at\?).

At the highest frequencies > 7971, G'(w) displays a plateau

the pure polymer matrik*1721 This observation is borne out
in our simulation results and is seen to be true even at the highest
particle loadingp = 0.5. With an increase in particle loading,
a number of experiments have reported an enhancement in the

reflecting the lack of relaxation processes on such time scales.€lasticity and the development of a solidlike plateaGitw)—

At intermediate frequencies, corresponding§o! < w < 7971,
G'(w) ~ w2 reflecting the Rouse relaxation spectrum of the
polymer. Finally, forw < 771, the terminal relaxation behavior
sets in andG'(w) ~ w2

a result consistent with our simulation tre#dd7-19.21

In many studies, the qualitative changes observed in the
viscoelastic properties have been speculated to arise from a
percolation transition of the fillers. While an unambiguo&nBV
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Figure 1. Storage modulu&'(w) for polymer matrices of different chain lengtids. The circles correspond = 0.007, diamonds t¢ = 0.11,
triangles top = 0.33, and squares = 0.5. Corresponding error bars are also displayed for all cases (in many instances, the errors are too small
to be visible).

definition of percolation transition is not possible without a 3. Origins of Viscoelasticity

measure of “connectedness”, by and large, theoretical results 5 | ow Particle Loadings. In this section, we address the
point to a percolation threshold gf~ 0.3 for a wide range of  echanisms underlying the viscoelasticity behavior noted for
such definitions’~3° Our results suggest that this percolation pncs at low loadings. We recall that the main characteristics
transition has no special significance for spherical particles, but ynserved were a viscoelastic spectrum qualitatively similar to
rather, a much higher particle loading is necessary to achieve a4t of the pure polymers, with however a quantitative enhance-
qualitative change in the s_hape pf the viscoelastic Spectrum. jyant in the elasticity dependent on the particle loadings.

The latter aspect of our simulations seems to contrast with e first quantity we examined was the equilibrium dynamical
experimental observations wherein extremely low loadings have chaacteristics (in the absence of any oscillatory strain) of the
led to such changes in the viscoelastic behaiiéf. 192 While polymers through the relaxation spectra of the normal modes,
we address this issue in detail later, we note that most X,(t), of the polymer456.57 The normal modes of a polymer
experiments involve highly anisotropic particles, where orien- o q'its dynamics represent a sensitive measure of the dynamical
tational constraints lead to jamming at much lower loadffigs.  characteristics of the individual polymers when examined at
In contrast,¢ = 0.5 is close to the volume fraction ¢f = different length scales. For an unperturbed Rouse polymer, we

0.58 at which a suspension of hard, noninteracting spherical rgc| that there arb» normal modes which are defined through
particles jams and forms a gla¥s' We suggest (and demon-

strate .Iater) t.hat it is this relative.distance. from thg jamming o Ne i — 1/2

transition which determlne_s the wscoelastl.c behavior. o Xp(t) — \/:ZCO prr R/(t) (1)
In the subsequent sections, we examine the mechanistic (= Np

underpinnings of the above results. Specifically, we address the

following questions: (i) What are the mechanisms underlying wherep is the mode index (& p < Np) andR(t) denotes the

the above particle effects on the viscoelastic behavior? (ii) What position of the segmerit at time t. Moreover, these normal

distinguishes the mechanisms at low and higher particle modes relax by a single-exponential decay of the faxy(t)

loadings? (iii) How parametrically general are our results and X,(0)0= exp(—t/r,f), where the relaxation timez{Q form a

conclusions? Our approach will be motivated by the hypothesis spectrunts:s?

that either the changes in polymer dynamics caused by the

particles (transient network mechanism) and/or dynamics arising (TR)fl 0 12 sir? Tp p=1.N )

from particle-particle interactions could be leading to the above P £o? 2Np|’ TP

behaviors. As a tool to distinguish these characteristics, we

consider the equilibrium dynamical characteristics of both the with & representing the segmental friction coefficient.

polymer and the particles in the PNC matrices at the different  In the presence of particles, the above Rouse behavior of the

loadings and analyze their contributions to the linear viscoelas- polymers can be modified in two distinct ways. On one hand,

ticity. the relaxation of the normal modes could still remain a sir@BV
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Figure 2. Behavior of tar for Np = 24 and 48. The circles correspond [ERY teas,
to ¢ = 0.007, diamonds t¢ = 0.11, triangles t@ = 0.33, and squares s .
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exponential of the formXp(t):Xp(0)d= exp(t/rp), but with wd . » .t
however a modified relaxation spectrum reflecting the 1.00E-02 432 % ’l MR — . 4
|nf|uen(_:e of the particles. The latter is indicative that the 0 25000 50000 75000
dynamics of all the polymers are equally affected (termed as (b)
“homogeneous” dynamics) but that the individual relaxation

dynamics of the polymers are modified at or beyond certain Figure 3. Relaxation of normal modex, for matrix Ne = 96. Only

e . ) ’ the relaxation of the modgs= 1—5 are displayed: (aj = 0.007; (b)
length scales. A similar effect manifests for instance in the ¢ =0.33. The table represents the fits to a stretched exponential function

transition from the Rouse to entangled behavior in polymer of the form expf-(t/zy)’].
melts, where the relaxation times of moges: Ne/Ne (Where

N denotes the entanglement length of the polymer) are modified ° ’:’h T b3 9§33
due to entanglement effed@A second scenario for particle p‘m"z“‘ ' ¢

impact arises when the relaxation of the normal modes no longer 41

satisfies a simple exponential decay, but rather decays through ¢=0.11
either a stretched exponential or multiple exponential decays. T, 3l aymininigin @ ma R R EEEY
The latter is a manifestation of “heterogeneous” dynamics, T_R "ﬂ!"":u.nmu. saas .a.:.()-.607
wherein the relaxation reflects the dynamics of distinctly p

relaxing elements, each of which relaxes at widely separated 21 *N,=8

and/or with a different rate®¥61 Such a situation could occur "N,=24

if only some of the polymers form a network, when their 14 AN,=48
dynamics is effectively frozen on the time scale the free e N, =96
polymers are themselves relaxing. 0 .

In Figure 3, we present the results of the relaxation of normal 0 0.25 05 075 1
modesX(t) for the polymer matridNe = 96 at particle loadings (p—D/(N,-1)
¢ = 0.007 and¢. - 0.3. The Appendix deFall‘.c' the p.rocgdure Figure 4. Relaxation times, normalized by )~ = sir?(p/2Np)
used for determining these spectra. Also indicated in Figure 3 ot ormal modep for matrices of differentp. P
are the parameters of a stretched exponential fit of the form
exp[—(t/zp)’] for the relaxation of the first few modes. The

The effect of the particles can be rationalized by considering
exponents (i.e., its deviation from unity) characterizes the

€., ' their impact on the relaxation timeg of the polymer modes.
nonexponentiality of the fit and the “heterogeneous” nature of To quantify this effect, in Figure 4 we display the normalized

dynamics2®-6! The first observation we make from Figure 3 is  relaxation timer;, sir’(;zp/2Ng) for the chains of different matrix
that at both the loadingg (= 0.007 andp = 0.33) the relaxation Np's at loadings corresponding t = 0.007, 0.11, and 0.33.
dynamics of the normal modes do, to a good approximation, We observe that, to an excellent approximation, the relaxation
follow a single-exponential decay. This observation suggeststimes all collapse approximately onto a particle loading de-
that at low loadings it is not a polymer network formed by a pendent constant value. The latter suggests that in the PNC
few chains that is responsible for the effects observed in the matrices the polymers still follow a Rouse spectrum, albeit with

viscoelastic properties. a concentration-dependent shift in the magnitudes of aIIéB(?/
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relaxation times. Overall, the observed behavior can be rational- 1.00E+03 -

ized by noting that in our simulations the segments exhibit a = $=0.007
reduced mobility near the particle surfaces. At low loadings and . $=0.11
for the weak mobility changes incorporated in our simulations, 1.00E+00 4

the polymers are not permanently “immobilized” near the G. (o) ® $=0.33
particles. Rather, within the longest relaxation time of the pol

polymer, different segments are able to access the lower mobility G (o)

regions, leading to a slowing down of the overall dynamics of 1.00E-03

the polymer segments. Addition of more particles creates more
polymer—particle interfaces which enhances this effect and leads

4

to a further increase in the relaxation times. We do note that 1.00E-06 . . . @
small deviations from the Rouse behavior are evidentfer 0.0001 0.001 0.01 0.1 1
0.3—we return to this aspect in the next section where it becomes
more pronounced. @
The above conclusion is qualitatively consistent with our 25
results of previous section obtained using the oscillatory strain. | T
Indeed, a concentration dependence of the segmental friction 21
coefficient would lead to a shift of the viscoelastic relaxation G (o) $=0.33
spectra for the polymers. The latter could in part explain the G—(a))15 S
enhancements in the storage modulus (at a given frequency) bl
observed in Figure 1. So we consider whether the overall l 3?7'/-7¢:0.33)
viscoelastic behavior could be completely rationalized by this 0s{ #=011 :{y::;l)
effect. For this purpose, we use the classical relatiof%hip +NZ=48
between the equilibrium dynamical characteristics and the linear 0 : =N, =24
viscoelasticity and use the above-determined relaxation times 0.001 001 @ 01 1
of the polymerr, to compute the “polymer component” of the (b)
storage modulus (expressed in unitskgT) througlt®>7 Figure 5. (a) A comparison ofG'(w) (points) andG,(w) (dotted
lines) for matrixNe = 24 and different loading. (b) The frequency
ppN1 X (t) Xp(O)ﬁ dependence of'(w)/Gy,(w) for matrices with differentNe's. The
pol(t) - ©) go?fted lines correspond to the continuum predictionssfer 0.11 and

Npp— [X,(0)-X,(0)3
from the distortion of the strain fields produced by the presence
of the particles. The latter effect underlies many continuum
mechanical theories for the effective rheological and mechanical
properties of a polymerparticle composité3—36 At the simplest

level, these theories assume a perfectly bonded interface between
the matrix and the rigid inclusion and predict an effective
complex moduluss;, (w):

wherepp represents the polymer density expressed in number
of segments per unit volume. The above equation is applicable
when the relaxation dynamics of the polymer is “homogeneous”,
an assumption which is reasonable considering our earlier fits
based on the stretched exponentials.

In Figure 5a, we present a comparison of@igv)’s extracted
from the oscillatory shear data (Figure 1) a6f},(w). Note
that Gpo((t) represents the linear viscoelasticity shear modulus

arising from the polymer dynamics and its relaxation and Geond®) = Grram(@)f (¢) (4)
embodies the influence of the particles only in their effects upon N ) ) _
the relaxation dynamics of the polymers. In contr&{w)’s whereG; . (w) denotes the bare (or particle-free) viscoelastic

extracted from the oscillatory shear include the contributions pProperties of the matrix anti(¢) is the enhancement in the
to the storage modulus arising from the nanoparticles. We modulus arising from the inhomogeneous strain field created
observe that at low frequencies and/or low loadings there is a by the presence of the inclusions.
quantitative match betwee® () and G,,,(w) (we note from We suggest that the above equation should incorporate two
Figure 1) that the numerical errors tend to be higher at extremely modifications to model the effective modulus of PNC systems.
low frequencies). In contrast, at higher frequencies, it is evident On one hand, the particle-free viscoelastic properties of the
that there are deviations betwe8H(w) andG;,,(w). The latter matrix should be replaced by the particle modified viscoelastic
is more clearly illustrated in Figure 5b, which displays the ratio properties of the polymer matriG,,(w; ¢) (with the ¢
G'(0)/G,,(w) from our simulations as a function of the dependence reflecting dependent nature of the particle effects
frequency forp = 0.11 and 0.33. We again observe that at low themselves). Second, neither simulations nor experi-
frequencies the ratio approaches unity independent of the matrixmental conditions satisfy the assumption of a perfectly bonded
loading andNp. However, at higher frequencies deviations are matrix3® In contrast, the segmental residence time near the
evident, with the magnitude of deviations increasing with an interface also indirectly controls the stress transfer efficiency
increase in the particle loadingt Whence, we conclude that of the matrix. If we denote the latter, matrix chain length
while the overall shape, the qualitative features, and the independent quantity as, we deduce that for frequenciess
guantitative values of the low-frequency behavioGfw) can < 1 the strain in the matrix does not feel the rigid particle. In
be accounted for by, (w), an additional mechanism arising ~ contrast, forwrs > 1 the strain field around the particle is
from the particle-induced stresses should lead to a frequency-distorted, leading to an additional source of elastic energy.
and loading-dependent enhancement in the storage modulusVhence for imperfectly bonded matrices, we expect a frequency-
G'(w). dependent enhancement in #B&w) which can become very
We speculatively suggest that the high-frequency character-small at loww. Together, these effects suggest an empirical
istics of G'(w) can be accounted by the additional stresses arising equation of the formG;,.(w) = G’;O, (w;0)f (p,w), wheref CDV



850 Pryamitsyn and Ganesan Macromolecules, Vol. 39, No. 2, 2006

(¢,w) represents a frequency- and loading-dependent enhance- 1.00E+00
ment.

We note that several aspects of the above prediction and effect <X »,OX, (0)>
are consistent with the behavior in Figure 5b. First, the above W
contribution predicts that the enhancement in the storage 4
modulus to be independent of the chain lenithin terms of 1.00E-01 1
both its magnitude and its frequency dependence. We verify
the above hypothesis fd&'(w)/Gy,(w) in Figure 5b, which 1| 45379 088
indeed accords with both these expectations. Second, in Figure 2| 8359| 0.91
5b we compare the simulation results with the predictions of 5[142045| 0.73
commonly employed continuum theory for filled polym&rs 1.00E-02 T P -
wheref (p) = 1 + 2.5p + 4.942. It is apparent that at lower 0.00E+00 5.00E+04 1.00E+05
frequencies the observed enhancements are much smaller than (a)
the theoretical predictions and appear to approach the latter at
asymptotically high frequencies, again in agreement with our
above discussion on the frequency dependence of the boundary
conditions. ; 12 - *N,=8

In summary, this section considered the mechanisms underly- Zr | "N, =24
ing the viscoelastic behavior at low loadings. The particles were R0 1oe AN, =48
found to influence the observed characteristics in two distinct P . ::. *N,=96
ways. On one hand, the partielpolymer interactions slow 81 %
down the polymer segments near the surface, leading to a change (
in the relaxation spectrum and an enhancement in the modulus. 6 1
This effect is the primary mechanism by which the low-
frequency response is influenced and by itself leads to an order 4 T T T .
of magnitude enhancement @i (w). Second, the presence of 0 0.25 05 0.75 1
rigid inclusions distort the strain field around the particles, (p—l)/(N _1)
leading to a frequency- and loading-dependent enhancement in P
the modulus. The latter contribution was more nominal in (b)
magnitude and was found to be relevant only for rationalizing Figure 6. (a) Relaxation spectra of modps= 1—5 for matrixNp =
the high-frequency behavior of our simulations. 96 at¢p = 0.5. The table represents the fits to a stretched exponential

. . . . . function of the form expf (t/zp)”]. (b) Relaxation timeg;, of normal
B. High Particle Loadings. We rgcall that the wscqelastlc modep normalized by t?)’l — sire(p/2Np) for matrices of different
response for the case ¢f= 0.5 exhibited markedly different N, atg = 0.5.

characteristics. On one hand, the low-frequency behavior

exhibited a plateau in the modulus. Second, the quantitative hand, for the slower relaxing modes (smali¢@ qualitatively
values of the enhancement in elasticity were substantial whennew effect manifests as a deviation from the Rouse spectrum
contrasted with lower loadings. In this section, we consider gng a mode dependent increase ip. These deviations appear
different hypothesis to identify the mechanisms underlying the tg pe independent dflp and occur forp < p* where p*/Np ~
observed low-frequency viscoelastic behavior. 0.4. To rationalize these features, we recall that the latter
We begin by considering the particle-induced changes in behavior is strongly reminiscent of the characteristics of an
polymer dynamics. In Figure 6a, we present the results for the entangled polymer, for which,(p) follows the Rouse spectrum
relaxation dynamics of the normal mod¥gt) and the fits to for p/Np < 1/Ne and mode/Np > 1/N, still follows the Rouse
the stretched exponential form exgl/z,)’] for the matrixNp spectrum, albeit with relaxation times enhanced by a factor
= 96. Because of the much longer relaxation times entailed in N/Ne.5"%8 Our results suggest that at higher particle loadings
these computations, we were unable to completely track the tailsthe particle-induced effects on the segment dynamics can in
of the relaxation and eliminate the statistical errors. Despite this effect render the particles as “entanglements” for the polymer.
feature, by comparing the values of thgarameter presented  The average entanglement length is now dictated by the loading
in Figure 6a with that in Figure 3a,b, it is evident that increasing dependent, bullp independent, average interparticle distance.
the particle loading has only a weak effect in rendering the The increase in the relaxation times for moges p* can then
polymer dynamics heterogeneous. This leads us to conclude thabe ascribed to the effective trapping of the polymer segments
the stress relaxation mechanism underlying the viscoelasticwhich occupy a length scale greater than the interparticle
behavior at¢p = 0.5 is not a phenomena ascribable to the distance. We note that this mechanism also rationalizes the weak
dynamics of just a few networked polymer chains. This result but noticeable deviations observed in the relaxation spectra for
is intuitive, since at particle loadings suchd@s- 0.5, it is very the slowest modep at ¢ = 0.3.
likely to find a particle surface next to some segment of every  The question now is whether the above nontrivial effects on
one of the polymers. Whence, dynamical effects are more likely the normal mode relaxation spectra can quantitatively account
to be homogeneous and manifesting on all the chains. for the viscoelastic behavior observed for the composiig,at
How do the particles influence the relaxation spectra? In = 0.5. In Figure 7a we compare for the polymer matrices with
Figure 6b we consider the functional form of the relaxation times Np = 8, 24, and 96 thé5(w) obtained from the relaxation
7p Of the normal modes. It is seen that the addition of particles spectrum (using eq 3) along with tli#(w) obtained from the
has two distinct effects on the relaxation spectra. On one hand,oscillatory shear experiments. First, we observe that at a
similar to the behavior observed at lower loadings, we observe quantitative level the magnitudes &'(w) are significantly
that the fastest relaxing modes (langeare uniformly slowed higher than the magnitudes Gf,,(w). On the other hand, even
down (i.e., the relaxation times are increased). On the other  at a qualitative level we observe th@f,(w) for Np = 8 is in CDV
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1.00E+02 1 at lower particle loadings and is consistent with the expecta-
* N,=8 tions the strain field distortion mechanism. However, the
= N,=24 main differences arise at lower frequencies where we observe

that the magnitude of the relative enhancement grows to a
significantly large,Np-dependent value. In contrast, however,
the differenceG'(w) — G, (w) (denoted “D”) appears to
approach a\p-independent value at the lower frequendcies
The latter features contrast with the expectations from simple
continuum theorie&3-36 which typically posit thatG'(w) =
Gol(@)f (¢,0). While the unknown stress transfer mechanism
between the polymer and the particle can in principle lead to a
100805 10003 100E01  100Ew0 complicated frequency dependence for the effective modulus,
we believe that the enhancements observed at low frequency
are unlikely to be accountable by this mechanism. In sum, the
1. 00E.05 1.00E.03 1. 00E-01 1. 00401 abov_e results suggests that Wh||_e the perspective of an effe_ctlve
@ elastic property of the composite can account fo_r the_ high-
frequency enhancements, the latter cannot rationalize the
1000 A observed low-frequency viscoelastic behavior.
We suggest that the enhancement in modulus can be
rationalized as arising from jamming of the particles. The latter
arises when the motion of some or all the degrees of freedom

( 1.)OOE+OO- - N, =96
w

G. a)c))
pol (1.0 E-02

.;1 (@)

1.00E-04 1

1.00E-06 . . , O

. 100 7 of the particles are caged by the other particles, effectively
G (a)) slowing down their dynamics (rotational or translational) to a
G 1(0)) time scale related to the “cage-opening” proc®$3In the time
po 0 intervening between equilibration within the cage and the escape

N from the cage, the particle dynamics is effectively frozen. An
G (0) =G, (@) o ; .

P application of strain to such a jammed system leads to a short
1 A time (highw) relaxation arising from the equilibration within
D the cage, followed by plateau in the relaxation until the cage
opening time scale, beyond which the relaxation proceeds in a
normal mannef! In the context of hard-sphere colloids, the

0.1 ' ' ' "W latter phenomenon manifests at loadings near the glass transition
0.0001 0.001 0.01 0.1 1 ¢q = 0.58. In contrast, in anisotropic particles such as platelets
(b) similar jamming effects can impede the rotational dynamics of

Figure 7. (a) A comparison of5'(w) with G, at¢ = 0.5. The points the particles at much lower loadingfs®* Moreover, depending

on the top represent the values Gf(w) obtained in our oscillatory  on the proximity to the glass transition, the cage-opening time
shear simulations, and the connected lines represer@thebtained scale in such jammed states can be orders of magnitude larger

using the equilibrium dynamical characteristics of polymers. Inset . . .
displays the ratic3 (»)/GL,, as a function of the frequenay for the than the fundamental time scales governing particle mé&&éh.

three chain lengths. (b) The frequency asiddependence of the ratio We suggest that the plateau and the enhancement in moduli
(denoted “R")G'(w)/G,, and the difference (denoted “D'§'(w) — observed in the low-frequency regime of the viscoelastic
ol behavior arises from the caging dynamics of the particle and
its associated plateau modulus. We offer two indirect evidences
its terminal relaxation regime when tH&(w) is still in its corroborating this claim. The first relates to the order of
plateau regime. In sum, it is evident that the behavioB'gé») magnitude of the elastic modulus expected due to jamming. The

observed fog = 0.5 can neither quantitatively nor qualitatively  |atter can be estimated using a recent prediction of the elastic

be accounted by the behavior Gf,(w). We do note, how-  moduli (in units ofkgT) near the hard-sphere glass transitién:

ever, that the particle-induced change in the polymer dynamics

does by itself lead to a significant enhancement in the vis- A 1

coelastic properties. The latter is clearly evident in the inset to Gjarm = 0.00032 (ZR)Sexp(Zqu) (5)

Figure 7a which presents a comparisonGjf,(¢ = 0.5) with

Gpo(¢ = 0.007) to demonstrates the order of magnitude At a volume fraction ofp = 0.5, eq 5 predicts;,,, = 0.56, a

enhancement arising due to this effect. These observationsnumber whose order of magnitude is consistent with the

conclusively demonstrate that while change in polymer dynam- enhancement in moduli observed at low frequencies (the low-

ics plays an important role, the viscoelastic properties observedfrequency asymptote of the “D” curve in Figure 7b). Since the

at higher loadings arise primarily from a particle-induced stress above source of elasticity arises from the thermal energy arising

mechanism. from the localization of the particle in a cage, the resulting
At lower loadings we suggested that a second source of modulus is independent of the matrix fluid properti€& The

enhancement iG'(w) arises from the particle-induced distortion latter feature is again consistent with tNe independence of

in the elastic strain field. To examine the role of this contribu- our results at lower frequencies.

tion, in Figure 7b we consider the magnitude and the frequency The second evidence we present relates to the nature of the

dependence of the ratiG'(w)/Gy,(w) (denoted “R” in the particle dynamics themselves. Shown in Figure 8a,b are the

figure) for the different polymers. We observe (to within time-dependent mean-squared displacements (MSD) of the

numerical errors) that the particle-induced enhancement asymp-particles at different loadings fodp = 8 andNp = 96 matrices.

totes to an almost constanie-independent value at high It is evident that for a loading o = 0.5 the MSDs of the

frequencies. The latter behavior is similar to the observations particles show a qualitatively different behavior compare%BV
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1.00E+03 -, & frequency viscoelastic behavior. On the other hand, the particle
? $=05 \g $=0. dynamics exhibits evidence of jamming behavior. Analysis of
2 . . . .
| =033 the viscoelastic behavior strongly suggests that the latter is
1.00E+01 ° ot 10000:0‘“ 0.33 responsible for th_e pIaFeau observed in B4w) of our
5 oscillatory shear simulations.
<(Ar) > $=0.5 C. Discussion. The simulation results presented in the
1.00E-01 - previous sections suggest the following picture for the linear
viscoelastic properties of our model PNC systems: At low
particle loadings the enhancement in modulus arises primarily
1.00E-03 T ' through the particle-induced effects on the polymer dynamics.
1.00E+00 1.00E+02 ! 1.00E+04 At higher particle loadings, while the preceding mechanism is
(a) still present (and in a more enhanced manner), the overall low-
frequency response is dominated by the particle jamming effects.
1004 4 4=05 $=011 In the next section, we address the generality of this picture
gi T 0.3 and its connection to other proposals presented in the literature.
104 % i /_$=011 —
<(Ar)2> 01 "0 10000 =0 033 4. Discussion: Jamming vs Transient Networks
S .

We recall that at the outset two hypothesis for the rheological
behavior of PNCs were noted from the literature, viz., the
0.1 1 polymer transient network mechanism and the particle jamming
effects. In this section we address the question, “is the simulation
observations of particle-induced effects on the polymer dynamics
a manifestation of transient networks?” We note that the
simulation conditions corresponded to only weak changes in

) . ) polymer mobility near the particles. Consequently, it is not
Figure 8. Mean-squared particle displacemefitsr)?Cand the non-

Gaussian parameter(t) (defined in the text) as a function of tinte eVId_ent what qualitative changes, if any, would result .If. .the
(@) Np = 8; (b) Np = 96. particle has a stronger effect on the polymer mobilities.

However, because of the computational times entailed, a direct
the other loadings. We observe that the initial dynamics of the probe of this regime is not possible in our simulations. In this
particle is followed by an extremely slow intermediate regime section, we develop a schematic, but exactly solvable model
indicative of the “trapped” caging regime. Another evidence for polymer dynamics that enables us to identify the qualitative
that our particles indeed display caged dynamics is provided features ofG' o for the case where the particle has a stronger
by a characterization of the degree to which the distribution of effect on the polymer mobilities. Subsequently, we use the
particle displacements differs from a Gaussian distribution. The Gpo(@) to comment on the expected behavior @(w).

0.01 T 1
1.00E+00 1.00E+02 4 1.00E+04

(b)

latter is typically quantified by the non-Gaussian parameter A. Dynamically Quenched Rouse ModelWe consider an
(t) defined a&~*7 exactly solvable toy Rouse model to describe the stress
" relaxation contribution arising from the polymer matrix chains
at) = 3r;(t) — ri(@)I'0 (6) in the PNC system. We hypothesize that the polymer segments

in contact with the particle experience a reduced mobility which
impacts their stress relaxations. On the basis of this, we make
wherer;(t) denotes the position of particleat a timet. In the an analogy between the dynamics of the polymer chains in the
insets to Figure 8 are displayed th&t) computed from the PNC system with the dynamics of noninteracting polymer chains
statistics of the displacements of the particles. It is evident that (in the absence of any particles) with a heterogeneous distribu-
deviations from Gaussian displacements are practically zero attion of segmental mobilities. Explicitly, if denotes the average
dilute volume fractions, suggesting a regular diffusive dynamical number of bridges formed by a polymer (i.e., a portion of the
behavior. However, upon increase in the volume fractiop to ~ Polymer chain which simultaneous contacts two particles) and
= 0.5,0(t) displays a pronounced increase in the plateau regime, d the average interparticle distance in the actual PNC system,
again strongly indicative of heterogeneous nature of the particle Our model system is assumed to contain polymer chains which
dynamics. have on an averagepairs of slow segments with the elements
In principle, it is possible to estimate the caging time scale Of the pair being separated on an averagellsggments each.
over which the plateau ifG'(w) is expected to persist by —Moreoever, for the slow segments the relaxation times are
examining the onset of normal Fickian diffusion in the particle assumed to be enhancedAm, wherery is the bare relaxation
dynamics and/or the time scale whiclft) starts to decrease. time of the segment andl = 1.
Within the time scales probed in our simulation, we were not  To detail the construction of matrix chains with the above
able to access either of these regimes. We can only suggestharacteristics, consider the first of théentanglements”. We

5 - rOFE

that the cage breaking time scalggeis such thatcage> 10 000, generate the number of segments in this entanglement through
and consequently the plateau due to the particle caging shoulda Poisson distribution with a mead. The ends of this
extend at least up to ~ 6 x 1074 entanglement strands are then assigned the moldhts.

In sum, our results demonstrate that qualitatively new aspectsSubsequently, we consider the second entanglement and repeat
of polymer and particle dynamics manifest at the higher particle the process until all the entanglements have been assigned
loading of¢p = 0.5. On one hand, the polymer dynamics exhibits their strand lengths. The different strands are then stitched
entanglement-like behavior (arising from the temporary “cross- together to form the interior of the chain. Now, we generate
links” generated by the particle). The latter effects lead to a two strands randomly such that the total number of segments
significant quantitative contribution to the low- and high- in such strands equal the left over chain segments (i.e.CB\e?
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1.00E+01 7 — 4=1
= A4=25
A =100
. o A=500
Gpol (0) -4 =1000

1.00E-01 4

1.00E-03 : : -
1.00E-04 1.00E-02 1.00E+00 1.00E+02

Figure 9. G, (w) for the schematic Rouse model. The parameters
correspond t@ = 10,d = 3, andNr = 96. The curveA = 1 corresponds
to the response of a pure, unperturbed polymer.

difference betwee\p and the sum of all segments in the
entanglement strands). The polymer chain is then formed with

the last two strands forming the two ends of the chain and the

entanglements forming the central portion of the chain. In the
unlikely, albeit statistically possible, event that the number of
segments in the entanglement strands exdgedve randomly
discard entanglement strands until the total number of segment
in them is less than or equal to the chain leniyth

In principle, it is possible to utilize an ensemble of the above
chains in a dynamical simulation to determine their stress
relaxation behavior. However, such an effort proves cumber-

some, especially in regimes where there is a significant particle-

induced reduction in mobility, i.eA > 1. Instead, we use a
more direct and exact approach, which involves a direct solution
for the averaged dynamic modul@(t) for an ensemble of

Rouse chains with random bead mobilities. The latter uses the

properties of random matrices and has been detailed in‘Dean
(and also in Rubinstein and Coly, and we eschew repeating
the details here. The total computation time for a single such
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the “weak” transient networks of our simulations. When the
particle-induced effects on the mobility are weak (such as in
our simulations), the effect oiG5,,(w) is observed to be
quantitative rather than qualitative (“weak” network). However,
when the particle effects exceed a critical value, the particles
act like a cross-link for the polymer (“strong” network) and a
true plateau develops i6;,(w). The latter occurs when the
particle-induced time scal&ry is larger than the time scale of

all other relaxation processes happening in the chain. An upper
bound for the latter can be obtained by using the longest
relaxation time of the chain, oA = Ng2 In such cases, the
plateau modulus is expected to depend only on the number of
cross-links (i.e., the parameterand indeed becomes indepen-
dent of the value ofA. The plateau regime extends up to a
frequencym = (Arg) %, beyond which the polymer relaxes by

a regular Rouse spectrum.

Overall, it is evident that a significant reduction in polymer
mobility is needed for the formation of a “strong” polymer
network. In real situations, we believe that a “weak” network
may be observed for dynamically flexible polymers with low

glass transition temperatures, like for instance PDMS, where

one can expect only a weak slowing down of segmental
dynamics at polymersolid interface. In contrast, the “strong”
case may more likely correspond to a rigid polymer with high
isomeric rotational barriers for which one can expect dramatic
retardation of segmental dynamics near the interface. However,
depending on the particle’s influence on the polymer mobilities,
a spectrum of networks ranging from “weak” to “strong” is
possible. As noted earlier, the enhancements in elasticity
resulting in the weaker networks can still be substantial
compared to the unperturbed polymer matrix.

B. Transient Networks or Particle Interactions? We can
combine the results of our simulations and the insights from

calculation was less than a minute on a single processor personai® @bove model to suggest the following general picture for

computer.

We note here that the above model is only schematic, since
in reality the mobilities of the beads are not quenched values
and the slow beads can move and can actually become fasf

beads. Second, in the case whére- 1, it is more likely that
the overall matrix is characterized by a heterogeneous dynamic

spectrum (with a few chains forming the network). In such cases,
the discussion below is applicable only to the networked chains.

Despite these simplifications, the model provides a simplistic
framework to understand the qualitative influence of physical
parameters upon the viscoelastic respoBsg(w).

We use the above model to address the following question:
“what is the qualitative impact of a strong reduction in segment
mobility?” We consider a scenario of fixed particle concentration
(thereby fixingv andd) and probe the effect of the parameter
A uponG,,(w). In Figure 9 we display the results @ (w)
from the above model for a fixedp and for four different values
of the reduction in mobilityA. For A = 25, we observe that
Gpo(@) exhibits qualitatively the same relaxation behavior as
an unperturbed polymer matrix but with quantitatively enhanced
values. This behavior is similar to the characteristics we

the viscoelastic properties of polymemanoparticle composites
containing spherical particles. For low loadings, the transient
network mechanism is expected to dominate the viscoelastic
esponse, and we expect tHa(w) for the composite to be
quantitatively identical toGy,(w) at low frequencies. We

sSpeculatively suggest that at such regimes the high-frequency

response is influenced by the distortions in strain field arising
from the presence of the particles. For higher loadings, the
interplay between th&,, arising from a strong network and
Gjam is more subtle and requires detailed knowledge of the
polymer conformations at a given particle loading. However,
in a subsequent article we present the results of polymer self-
consistent-field theory based calculatiéhgyhich confirms our
simulation results above. Together they suggest that for volume
fractions¢ 2 0.45, despite the substantial nature of the transient
network contribution, the low-frequency response is still
dominated by the particle jamming effects noted in our
simulations.

5. Summary

In this work, we have used simulations of the simplest model

observed in our simulation results for low loadings and suggests of polymer nanocomposites to identify the mechanisms underly-

the utility of the schematic model to capture the main features
of Gjg(w). With a further increase id\, we observe that the
relaxation dynamics oG, (w) is substantially slowed, such
that atA = 500 we observe a clear plateau®,(w). Further
increase inA extends this plateau regime to lower frequencies
while retaining the same constant value of the plateau modulus
The above results confirm the picture of “strong” transient
networks proposed in the literatdfé®2425and connects it to

ing their viscoelastic behavior. Specifically, we have focused
on the linear elasticity of the modulu&'(w)) and the manner

in which the polymer and the particle contributions can
rationalize its shape and magnitudes. Our simulations suggest
that G'(w) of the PNC system is influenced by a variety of

.effects whose relative influences are controlled by both the

loading of the particles and the frequency at which the responses
are probed. Overall, the particles can contribut&€'@) in three CDV
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different ways: (i) The particle-induced effects on the polymer 02-04199. We also acknowledge a generous grant of computer
segments can modify the dynamics and relaxation spectrum oftime in Texas Advanced Computing Center where all the
the polymers. (ii) Particle jamming effects can lead to slow computations reported in this article were performed.
relaxations and substantial enhancements in elasticity. (iii) The
strain field distortion caused by the presence of rigid inclusions Appendix. Simulation Model and Parameters
can affect the overall modulus of the composite. 1. Simulation Approach. Dissipative particle dynamics

In our model system containing spherical nanofillers well (DPD)Y’ and the variant we u$&are in actuality molecular
dispersed in polymer matrices, we were able to identify the dynamics simulation approach with a specific choice of the
relative influences of the above effects. These results suggestedorces. Both the particles and the polymer segments are
that for a wide range of particle loadings the low frequency represented by their positions and translational velocities. In
response is dominated by the particle-induced changes inaddition, because of the presence of shear forces on the particles,
polymer dynamics. Only at very high loadings does modulus the particles are also ascribed a rotational degree of freedom.
arising from the particle jamming effects dominate the overall The time evolution of these degrees of freedom is governed by
viscoelastic behavior. One of the main contributions of our work the following equations of motion:
is to suggest that a true or a “strong” network is not a necessity
for the overall properties of the composite to be significantly ~ dr; dv, do,
enhanced. Indeed, simple scaling arguments suggest that a— = Vi M—= zFij; li—= _Z;Lijrij x Fyj (A1)
substantial reduction in polymer mobility is needed for a true dt d = dt =
polymer network to form. Rather, the viscoelastic spectrum can
still be both quantitatively and qualitatively modified in cases
where a “weak” network forms.

While our hypothesis was motivated by experimental results
probing the behavior of polymer chains near surf&€e®,the
origins of such effects have not been fully resolved. For instance,
polymer—particle enthalpic interactions have been speculated
to lead to an enhanced polymer density which leads to a

concomrtgﬁrlggreductrons in the n_ear-sgrface mobility of the the torques due to the point of application of the forces. In the
polymers? However, recent simulations suggest that the previous worki® we adopted a simple functional form fi as

latter eﬁects. can only lead to very smalll changes in the near- Jij = RIR + R, whereR andR, denote the radii of the particles
surface mobility of polymer melt¥. Alternatively, impenetrable i andj, respectively. Note, by definitiori; = 1 — 4;, which

and/heterogeneou_s surfatesan lead to Ier_ge barrrers_ for . preserves the conservation of angular momentum. In this work
segr_n_ental rela_lxatlon_ and can lead to srgnrfrc_ant reductions in e directly incorporate the asymmetric sizes of the polymer
mobility. Our simulations suggest that controlling these effects segments and the particle by settig= 1 if i is a particle and

will prove fruitful as a means to control the properties of the ; is"3 nolymer segment. This also eliminates the need to account

composite themselves. for the rotational degree of freedom for the polymer segments.
Care must be taken in generalizing the implications of our  Tpe forceF; has four componentsE; = Fi(jC) + Fi(jT) + Fi(jR)

results to the experimental situations. Most experiments have | Fi, where the force€© EM E® and Fj represent the
, i o Fy R

involved anrsotroprc fillers dispersed in polymeric rnatrré?es. generalizations of the DPD intermolecular interactions, velocity-

Moreover, the partrcles themselves are most often in a drrectly dependent drag forces, rotational drag forces, and the random

a_ggregeted state. Neither of these effects are accounted in oug,oq maintaining the temperature of the system. We adopt the

elmulatlons. Furthermore, entanglernent of.polymers (negIe(:tedf(_)”c)wing form for FD = —yilf(NAl + ejej]-vi, whereeg;

in our_model _and simulations) V\."” certainly lead to MOre  enotes the unit velé:tor along the line of centers joining the

relaxation regimes not captured in our results for the linear : . .

viscoelasticity. Despite these drawbacks, some of the insightsIoartICIesI andj and

gained through the analysis and the computer simulations still '

provide a useful starting point for developing mechanistic 1——2 ¢ <©

explanations for experiments. For instance, we note that many f(r)= rie ! (A2)

of the polymer effects noted in our simulations will still be 0 r>rC

semiquantitatively accurate (when accounted for the larger I

surface areas of anisotropic fillers) even in the case where

anisotropic fillers are involved. In contrast, the elasticity In the above equationg physically denotes a cutoff distance

resulting from particle jamming effects are profoundly different for the forces between the componentndj beyond which

when either anisotropy or aggregation can o&urhe latter the forces are set to zero. The constgis a phenomenological

can be expected to lead to nontrivial shifts in the volume constant quantifying the strength of the drag forces. The

fractions at which particle effects dominate. Our future studies rotational force is of the fornF{® = —y;[f (N]21 + ejg]-

will focus on such issues. [rij x (Ajwi + 4jiw;)]. The functional form of the corresponding
stochastic force is fixed by fluctuatierdissipation theorem and
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In the above equatiom;,vi, andw; denote the position and linear
and angular velocities of the particlieig applicable to both the
polymer segment and the particle). The mass and the moment
of inertia of particle are denoted as andl;, while rj andF;;
denote the respectively relative separations and forces between
particlesi andj. The factorij is phenomenologically included

in the angular momentum equation to account for the asymmetry
in the sizes of the particles and the resulting asymmetries in
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strength of segmentsegment interactions. The connectivity of approach outlined in our earlier artidé.We studied two
the polymer is incorporated through a FENE potential of the densities of the polymeric fluids: (i) a “high-density” matrix

form™® containing 15 360 polymer segment units in the box, which in
the absence of colloidal particles corresponds to a number
FgZSZ)(r) __H r (A3) density ofp, = 1.53 atN, = 48; (ii) a “low-density” system,
1— (L)z containing 7680 segment units in the box, which corresponds
b to pp = 1.0 atN, = 48. The qualitative features of all the results

were identical between these systems, and so we have just
presented the low-density system in the main text. To keep the
properties of the DPD polymer matrix close to the same value
in all the runs, we used different cell sizes for the different runs.

where H denotes the spring constant abdrepresents the
maximum extension length of a polymer bond. For the seg-
ment-particle and particle particle interactions we used Len-

nard-Jones interaction potentials: The cell sizes were chosen on the basis of the constraint that
6 6 the pressure at equilibrium was the same constant value for all
© 12e5c05c [1— 9sc rr<rec runs. The constraint of constant pressure led to cell sizes which
Fse(r) = r8 r8 ; varied in the range of 1924 segment size units between the
0 r>rec dilute and the concentrated particle regimes.
’125 6 6 4. Oscillatory Shear.An approach commonly employed to
ccfcc ( _Fcc) r<r determine the linear viscoelastic properties in molecular dynam-
©/py 1 r cc prop y
Fealr) = r8 \ ré (A4) ics simulations involves the use of Kubo formula relating the
\0 r=>rec dynamic modulii to the stressstress autocorrelation func-

tions#452However, recent work by Barrat and co-workers has
The cutoff radii rss rcc, and rsc appearing in the above demonstrated that such an approach is extremely error prone
interaction potentials were all chosen to be the same values agunless long trajectories are used) and has cautioned against its
in the drag forces. usage for systems involving polymeric componéit€onse-

2. Numerical Integration. Simulation of the motion of the  quently, to simulate oscillatory shear, we have use a direct
colloid and polymer segment molecules involves a numerical nonequilibrium method outlined in Allen and Tildesl#This
integration of egs Al for the forces specified above. For this entails a simulation with an additional force in tkelirection
purpose, we have utilized a modified velocity Verlet numerical along with time dependent Lee&dwards boundary condition.
scheme suggested first by Groot and Warfefihis scheme is  For instance, the equation of motion fovelocities of particle
identical to that detailed in our previous article, to which we i is now modified as
refer the interested read®rAs outlined in our earlier article,
we used a modified version of linked-list algorithm to expedite dv,, dzy(t)
the calculation of forces. M = Fx P mny—> (A5)

3. Simulation Parameters.The cutoff radii for the segment dt

segment, segmentolloid, and colloid-colloid interactions . . :
were chosen to be the following valuesss= 1, rsc= 3, and where for the oscillatory strain consideredt) = A,[1 — cos-

fcc = 5. Note that the polymer segment moieties in our (wt)]. The simulation results presented in the main text

simulations are DPD molecules and represent coarse-grained-0'respond to a straif, = 0.1 and frequencies = 27/T,,
representations of the real segment units. Consequently, ourvhereT, = {10510%10%10% . . .
simulations correspond to physical systems wherein the colloids 5. Polymer Normal Mo_des.Many key re_sults in the main
are possibly at least an order of magnitude larger than the text rely upon the behav]o_r of the relaxatlon_ spectrum of the
segment units. Most of these parametrizations and numbers ard1ormal modes of the individual .polymer chalns. Such nprmgl
identical to that chosen in our earlier work on colloidal particles M°des are by and large useful if the intrachain correlations in
in simple fluids. Therein, we demonstrated that this size disparity ("€ Polymer matrix are much higher than the interchain

suffices to capture hydrodynamical phenomena relevant to cr?rre!ags%n;&an aﬁsumptlon underlyln% many Eoly&ner m_eltl
Macroscopic suspensions. theories® In such cases, one can identify the dynamical

In our simulation, we fixed the strength of the segment characteristics of the polymer matrix by studying the relaxation
segment interaction = 250 and their friction parameteysss characterlsncs of a_smgle chain. Since we used a F_ENE polymer
= 4.5. The segmentparticle parameters were fixed pc = matrix, we determined the normal modes and their relaxations

ycc = 450.0. The latter physically represents the enhanced dragSPeCiﬁqa"y for the diffe;rent polymer cha!ns used in our
(i.e., reduced mobilities) the polymer segments experience whensimulations. In the following we briefly describe the manner in
near the particles. The simulation results were found to be not WNich the normal modes and their relaxation spectra were
sensitive to the value of parametesc (particle—particle drag dlsce_rned. . . . I
coefficient). The I=J parameters for particteparticle and . Usmg the trajectories generateo! _durmg our equilibrium
particle-segment interactions where choseneas = 110.0 simulations, at a given time, the position of the center of mass
occ = 4.45,ecs = 3.0, andocs = 2.45. The spring constant for ~ Of @ polymer chain was determined as= Z{\‘ilri’ wherer;
the FENE springs was chosen lds= 1.0 and the maximum denotes the (vectorial) positions of the segmiemt the chain.
extensibility of the springd = 3.0. Masses were expressed in USiNgro, we constructed a symmetric matii the elements
the units of mass of the polymer segment= 1 and the energy ~ Of which are given by
scaleksT = 1. The mass of the colloid particle was chosen o o f B
proportionately to its volume asc = 196.0, and the moment Raﬂij =Wrg =)o — I )d (A6)
of inertia of the colloid particle was fixed & = 491.0.

All our simulations were carried out in a cubic box with wherei and|j represent the segment indices andand
periodic boundary conditions. Setting up the initial configuration represent the spatial coordinates § = X, y, 2). The notation
of our system requires some care, and we use a “scale-up”[l.[is used to represent an average which extends over all CEI%Q?
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in the system and over the entire equilibrium runs. The above (26) Granick, S.; et alJ. Polym. Sci., Part B: Polym. Phy2003 41,

matrix quantifies in an averaged manner the correlation of the

2755.
(27) Pu, Y.; et alPhys. Re. Lett. 2001, 87, 206101.

position of the segments relative to the center of mass in the (3g) masson, J. L.; Green, P. Phys. Re. E 2002 65, 031806.

polymer chains.
For homogeneous, isotropic systeni&g; for oo = f is

negligible compared t&4; for a = 5. Whence we used the
averaged matriR; = 1/3¥ « Ryqij to determine the normal modes

(29) Keddie, J. L.; et alFaraday Discuss1994 98, 219.

(30) Smith, G. D.; Bedrov, D.; Borodin, (Phys. Re. Lett. 2003 90,
226103.

(31) Eilers, HKolloid-Z.1941 97, 313. Blatz, P. Jnd. Eng. Chem1956
48, 727.

Xp. The latter were determined as the eigenvectors of the matrix (32) Bicerano, J.; Douglas, J. F.; Brune, D. &.Macromol. Sci., Re

Rj. Using these normal modes, we determined their relaxation

spectraM(t) as

(X i (t=0)Xg(t=t) = 2,050, Mi() (A7)

where/; denotes the eigenvalue corresponding to the normal

modei and D(ai(tZO)Xﬁj(t:O)D: liéaﬂéij.
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