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Abstract: The dynamics of polymer and filler in simplifieddmstrial silica-styrene-butadiene
nanocomposites (silica Zeosil 1165 MP, volume faacD — 21%vV) have been studied with
broadband dielectric spectroscopy (BDS) and nucteagnetic resonance (NMR). The
fraction of graftable matrix chains was varied frOm 100%D3. The introduction of silica
nanoparticles is shown to leave the segmental agtax unaffected, an observation confirmed
by the measurement of only a thin (some AngstrdritkY immobilized layer by NMR. The
low-frequency measurements are resolved in twondistlielectric Maxwell-Wagner-Sillars
(MWS) processes of different behavior with resgeathanges of large-scale silica structures
induced by variations of filler fraction and grafji It is found that increasing grafting leaves
the first MWS-process unaffected, while it decrsatiee strength of the (slower) second
MWS by about a decade. At constant silica volunagetion, this indicates depercolation of
the filler, thereby providing a microscopic explaoa of the evolution of rheological
reinforcement. The sensitivity to large-scale ranigations together with a characterization
of local polymer dynamics provides insight over méngth- and time-scales into structure

and dynamics of nanocomposites, and thus the miysiigin of the reinforcement effect.



1. INTRODUCTION

Nanocomposites made of nanometric filler particdesbedded in a viscoelastic polymer
matrix may have outstanding macroscopic properéggng which one can cite mechanical,
electrical, or optical ones.[1-4] This broad ramgakes such systems suitable candidates for
applications in very different fields, from caretir to, e.g., biological tissue engineering[5].
Microscopic understanding is necessary if one vdistte tune macroscopic properties of
interest, like for instance the optimization of fAdinear dynamic mechanical properties of
car tire material in order to reduce rolling resite, and thus fuel consumption and,CO
production. The basis of macroscopic propertighesmicrostructure, i.e. the dispersion state
of the nanoparticles (NPs), which may be indiviualispersed, organized in small
aggregates, or form sample-spanning networks afotetied particles or aggregates.[6-10]
The microstructure sets the frame for the dynampcaberties, which themselves control
many macroscopic properties, like, e.g., the tirapethdent reaction of samples to mechanical

stress which is often based on structural reorgdioiz [11, 12].

The local segmental dynamics in nanocompositesbban studied by several groups in the
past [13-22]. Polymer in contact with NP surfaces/rform immobilized, sometimes referred
to as“glassy”, layers which are mainly detected by NMR, [23]. On larger scales, at high
temperature (above the glass transition), the oenae of a Maxwell-Wagner-Sillars (MWS)
process has been reported in several compositeensystusing broadband dielectric
spectroscopy (BDS) [21, 24-26]. MWS processes ala&tead to polarization effects due to
charge carrier diffusion through the different prea®f the nanocomposites. These effects
result in the trapping and accumulation of chaefe polymer/silica interface. Charges can
diffuse on the surface of individual NPs within egggates, or on a larger scale on the surface
of aggregates [27], processes which have beenideddheoretically by the interlayer model

(ILM) [28, 29]. The ionic conductivity has also lmestudied over the whole frequency range
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[27, 30]. In a biphasic material, one may note tit measured conductivity is a global
observable, which is related to the polymer, therfvia its surface conductivity, and to the
spatial arrangement of the filler which may forrmdactive pathways of various sizes within

the sample.

The dynamical properties of nanocomposites as meddly BDS and NMR have only rarely
been compared to macroscopic rheological propeienrrelation has been described in the
literature for carbon-black filled elastomers [ZQ] and clay nanocomposites [25]. It is
unclear, however, if the reinforcement of mechdnieperties is dominated by local
dynamical heterogeneities bridging NPs [31-33Jawgé-scale filler structure [34, 35]. As far
as we know, it is a novelty to study this questiming dielectric spectroscopy of silica

nanocomposites with multi-scale structure.

Recently, we have contributed to the understandihghe multi-scale structure of silica-
styrene-butadiene (SB) simplified industrial narmoposites using a combination of small-
angle scattering, electron microscopy, and numlesgaulations.[36-39] Here simplified
refers to the absence of any crosslinker and kledtalysts. We have built a global model
describing structural data where primary silicadse@ypical size 17 nm) are organized within
small aggregates (typical size 80 nm, aggregationber about 50, giving an internal volume
fraction, i.e., compacity, of the order of 35%), igth themselves fill large-scale fractal
branches (typical width 150 nm). The solid-phaseimgi protocol (see Sl) applied to
industrial silica pellets result in a broad aggtegaze distribution of polydispersity 30%. In a
first paper focused on dynamics, we have charaetioy BDS a new structure-related high-
temperature dielectric process termed MWS2, ascduis in addition to the previously
observed MWS process [40]. It takes place acrobsnaw between aggregates as found by an

analysis of activation energies [40]. Undey; variation which induces aggregate percolation



(network formation), a strong increase of the terapge-independent dielectric strength of

MWS2 was found around the mechanical percolatioestiold of 12%v.

The key question of this second article on dynanside understand the relationship between
structure and dynamical processes by now varyimggcipally the amount of graftable SB
chains (%D3) in order to control the filler struat37]. Indeed, local dynamics as observed
by NMR has been correlated with rheology [32] Ih& tjuestion of the relative importance of
large-scale structure with respect to local conoast(bridges) through immobilized layers
remains open. We therefore focus in the first pérthis article on the local scale, and in
particular on segmental relaxation investigatedBBS and NMR, as a function of silica
content and grafting. Then, the impact of polymefting on interfacial dynamics of large-
scale silica aggregate depercolation (network destn) is studied. Finally, both local and

large-scale dynamical properties are linked to Iidggo

2. EXPERIMENTAL SECTION

2.1 Materials. Details are given in ref [36, 37]. The polymer matis made of styrene-
butadiene (SB) random copolymers, with two typestafins of molecular mass 140 kg.fhol
(Pl = 1.07) as determined by size exclusion chrography. Chains are either linear
unmodified SB chains, or bear a single silanol emattion making the chains graftable onto
the silica surface by condensation. These fundimet chains are denoted D3, and the matrix
composition is referred to by the percentage ofcbB&ins (%D3). Both types of chains have
been purpose-synthesized by Michelin. The silidefse(Zeosil 1165 MP from Solvay) have
a nominal specific surface of 160y, and the size distribution of the nanoparticbsys a
log-normal law with B = 8.55 nmo = 27%.[36] Nanocomposite formulation is the samme a
before [36, 37] and is detailed in the Sl. Reatailvolume fractions in nanocomposites have
been measured by thermogravimetric analysis (QbAdnstruments) and lie in the randg;
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= 8.4%v — 21.1%v (i.e., between 21 and 63 phr). @less-transition temperature was
determined using differential scanning calorimg@2000 TMDSC, TA Instruments) in the
modulated mode with a heating rate of 3 K/min. MHoe filled samples, g shows no

significant variation with silica content and %D8 @mpared to the pure polymer matriy: T

=-37 +£0.8°C.

2.2 Broadband dieectric spectroscopy (BDS). A broadband high-resolution dielectric
spectrometer (Novocontrol Alpha) was used to measue complex dielectric permittivity
e*(0) = ¢(o) - ie”( o) in the frequency range from f = #@o 10 Hz (@ = 2xf) of samples
prepared as before [40]. After 20 minutes equitibraat 60°C in the BDS cryostat (under
nitrogen atmosphere), isothermal frequency measemesnhave been performed with
temperature stability better than 0.1 K. Two seokeanocomposites have been investigated:
samples with matrix composition fixed to 50%D3 abg ranging from 8.4 to 21.1%v, and
samples with fixedPg; (= 8.5%v) and %D3 varying from 0 to 100%. For all géas, the
temperature sequence starts from 333 K down to K53\fterwards, the high-T range

between 333 and 363 K has been explored.

BDS fitting. Data treatment was carried out simultaneouslys’oand ¢” using for each
temperature the combination of a purely dissipatigeconductivity term and one Hauvriliak-

Negami (HN) for each dipolar relaxation or MWS pss present in the frequency window

Ag; . Odc

j [1 + (i(DTHNj)Yj]Si ) 180_0) (1)

e (w) =g, +

wherey, and & are two shape parameters ranging between O arshdl,describing the
symmetric and asymmetric broadening of tfepjocess, respectivelyg; is the dielectric

relaxation strength corresponding to the differebetveen the unrelaxed and relaxed values



of the dielectric constant, ar@y; is the characteristic relaxation time. In our agwh, we
systematically reduced the number of free paramateorder to extract reliable information,
in particular on dielectric strengths and time esdbr overlapping processes. A first fit of the
data has been performed with all variables let fre¢he fit function to identify possible
trends with temperature for the HN shape paramefdran, according to the results, these

parameters were forced to follow a linear (possdagstant) behavior (see Sl).

Dielectric processes. Processes in the neat SB matrix (50%D3) have beassiigated, i.e.,
the a-relaxation linked to the glass transition and skeondaryB-relaxation which has been
related to local motions within the butadiene uit$]. In nanocomposites, two additional
high-temperature dielectric (MWS1 and MWS2) proessat time scales slower than the
relaxation have been identified [40]. The HN partare for both processes - shape
parameters and dielectric strength - were foungaraly vary with T, and have been fixed to
their average value in the final fitting proced{#6] We obtain a broad distribution of
relaxation timesyuws1 = 0.42 andmws2 = 0.55), in agreement with structurally polydisgeer
systems [36]. Also, the secondddyrelaxation in pure polymer is masked in nanocoripss
by the more intens@’-relaxation, which is also slightly shifted in freency. A summary plot
with all contributions appearing gi(w) ande”(w) over a temperature window from 173 K to
323 K, and fit details are given in the SI. TReprocess is well-known in the silica-SB
nanocomposites, where it has been assigned tozdeddluctuations of water molecules at the
silica surface [19, 42]. A complete analysis ofateolution with®g and %D3 is given in the

Sl

Special care was given to the description ofdkhelaxation in the nanocomposites as it was
found to overlap with the much more intense MWSdepss. In this case, shape parameters

(Y« and d,) were imposed to the same values as in the putexn(aee Sl). To account



properly for its relaxation strength in the nanoposite, we have considered the filler effect
on the local field according to ref [43], usingiemgle model for two-phase heterogeneous
materials with 2.5 and 5.5 for the dielectric petivity of SB and silica®® *’, respectively.

The characteristic relaxation time was consequdettyas the only free fit parameter for this

process.

Temperature dependence. For each dielectric process, the relaxation timeesponding to
the frequency of maximal lossax = (2rfmay) ™ is @ convenient parameter which can be read
off from the graphe”(f) or determined from the fit parameters. Theseets are plotted in

Figure 1 for the matrix processes together with ather processes observed in

nanocomposites.
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Figure 1. Complete relaxation map for the neat SB (blacktyrsymbols) and a nanocomposite filled
with 8.4%v of silica (plain symbols with differenblors for the different processes investigated, se
the dielectric spectra and other fit parameterSl)n The solid lines through data points are fitshe

VFT equation for thet-relaxation and to the Arrhenius equation for theecs.

For all processes except the segmental relaxatioe, temperature dependence of the

relaxation times in Figure 1 is described by thenAnius equation



’L'(T) = roexp[ kETj (2a)

where E is the activation energy, the Boltzmann constant amglthe high-temperature limit
associated to vibrational times. In contrast, gmgerature dependence of tirgelaxation

times display a non-Arrhenius behavior, which cenwell described by the Vogel-Fulcher-

Tammann equation [43]

1(T)= toeX[{ TD_TTQOJ (2b)
where T is the temperature at whichwould diverge and D a coefficient related to the
fragility concept [44]. Fitting the data in Figuteusing eq(2a) led tog 32 kJ/mol in good
agreement with ref [41] @& 34.3+ 1.3 kJ/mol independent of the styrene contefy. the
a-relaxation, we obtained, = 10*?® s, Ty = 187 K and D = 8.1 from our data (the
corresponding fragility value is m = 76), in goagteéement with the work of Ferry [45] and
Cerveny et al [41] on close SB samples (m =&). The temperature value corresponding to
To = 100 s gives an estimation of the glass-transitéanperature, {100 s) = 231.5 K, to be
compared with the calorimetric valug ¥ 236 K. Turning to the silica related processiasy

all follow an Arrhenius temperature-dependence \Egh= 56 kJ/mol, lws1 = 55 kJ/mol and

Emws2 = 113 kd/mol, which will also be discussed below.

2.3 Low field NMR. Proton NMR experiments were performed using a BriMaispec
m@g20 with a proton resonance frequency of 20 MH2 {@sla). Free induction decay (FID)
and magic sandwich echo FID (MSE-FID) signals, Wwhace sensitive to molecular motions,
were measured between 10 and 70°C in order toatdraolid-like signal fraction in the SB
nanocompositegsing a recycle delay of 2 s. The MSE-FID allowscassing the FID signal
and thus accesses the whole decay including the fust part, which is not available in

simple FID due to the spectrometer dead time. T&ea unethods have been reviewed in ref
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[46], and details about the sequences can be founefs [14, 47]. The signal of the
nanocomposites can be decomposed in two contritgiti@ fast decay corresponding to the
response of the rigid part and a slow decay aswucta the mobile part. The data up tot =
200 ps have then been fitted to [32]

M(t)

M = arigexp(_ (t/Trig)Z) + (1_ aTig )eXp(_ (thmobil)ﬁ) (3)

where @q is the fraction of rigid polymer. In order to addsmall) systematic errors related to
signal loss during the MSE, we used the unfiltesgphal (FID) in all cases except at 10°C
where the filtered signal (MSE-FID) led to morebigsfits. The value for the short decay time
constantrig was determined independently from a double-quar(d@) filtered signal [47],
where the mobile part is almost entirely suppres¥éihin error bars, it was found not to
vary significantly with®s; (or %D3) and the temperaturgy= (30+ 3) ps. It has been fixed
to this value in eq 3. It is noted that the maiie&tfof softening with temperature should be an
increase oft,i; at constant fraction accompanied by non-trivisghraes in the shape of the
relaxation (decay) function.[14] Owing to the smalerall fraction, because of which fitting
is restricted to a two-component model, the changelaxation behavior is thus qualitatively

reflected in the apparent decrease of the rigictifva.

2.4 Rheology. The rheological response in the linear regime esgme by the storage
modulus, G(w), was obtained with a stress-controlled rheom&E2000, used in the strain-
controlled mode in plate-plate geometry (20 mm ditar). Isothermal frequency sweeps at
fixed low deformation level(= 0.1%) were performed in the temperature ranga ft0°C to
80°C allowing to cover a large frequency range fro® to 1¢ rad/s using the principle of

time-temperature superposition for a reference &atpre of 50°C.



3. Reaults

3.1 Segmental relaxation in nanocomposites

Thea-relaxation is detected in the range from 243 &®IKR in nanocomposites with various
silica fractions and %D3. The dielectric respons27a K is shown in Figure 2 where one can
also see the MWS1-process at lower frequency. ifHieriction by means of eq 1 (see Sl for
the detailed fit contributions) is also includedot8l that, for all samples, the description is
possible using highly constrained parameters. Ngntieé shape and the dielectric strength of
the a-process can be fixed to pure matrix parameters, seetion 2.2, implying that its

spectral shape remains unchanged.

matrix matrix
8.4%v 0%D3
12.7%v 5
10 16.8%v | 1 10°; 50%D3 | -
i 1 i 75%D3 | |
= 3 100%D3| |
S = ]
= w I——
w -
10"}
|| D& =8.5%v
10 I I I

10t 10* 10° ‘ 10°
f (Hz) f (Hz)

Figure 2: Dielectric loss spectra at T = 273 K for nanocosies with a) different silica volume
fractions (s = 8.4, 12.7, 16.8 and 21.1%v from bottom to ta@o®3), and b) different amounts of
graftable chains (%D3 = 0, 25, 50, 75 and 100, fromto bottom®; = 8.5%vV). The matrix signal is

shown as black squares. Solid lines are fits te#perimental data by means of eq 1.

The relaxation times obtained in this way are @igetl in Figure 3, where they are compared
to those of the matrix. Times for the MWS1-procass given in the S| with a description in
terms of the interlayer model [28, 29]. Within erdoars, we observe that the segmental
dynamics is not modified by the presence of fillgg to the highest silica fraction, in

10



agreement with ref [21]. The impact of grafting lwikD3 from 0 to 100% is shown in the

inset of Figure 3 fordg = 8.5%v. There is also no effect of grafting visilmeBDS on the

segmental dynamics.

0 T T T T T T ‘ ‘
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_ 2| |50%D3 . o)
Z, § $
2 EE a4l Ql - B
= |8, o
‘U"’x o] v n
o] n '
= gl " [ ]
— 4L -8 T R B R B
— 3 3.4 3.8 4.2
o 1000/T (K% .
° u matrix
ks 8.4%v
6 p 12.7%v |1
B 16.8%v
7
J ¢
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Figure 3: Temperature dependence of the relaxation timethéan-processn nanocomposites with
b= 8.4 — 21.1%v and 50%D3. Dotted line is a linéoffthe data above 283 K, see text for details.
Inset: same data for different %D3 at fixég = 8.5%v.

The investigation of local segmental dynamics inawmposites has been the goal of a large
number of works in past years [13-22]. A slowingwioof thea-process due to interaction or
grafting between the polymer chain and the fillas tbeen reported [14, 16, 17]. In this
context, distinct contributions have been detectate part of the chain segments is not
affected by the filler, whereas an interfacial po&r layer with frozen dynamics at
nanosecond time scales has been evidenced byssalelNMR experiments, the so-called
“glassy” fraction[13, 14]. Such an immobilized layer with a thickness of 12tam at the
particle surface close togWwould lead to an increase of the solid-like fratiwithin the

nanocomposite and is thus of utmost importancélfer network percolation [32, 48, 49].
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We found that the time-scale for therelaxation is not modified witkbg, which means that

either there are no immobilized layers, or that BB3iot sensitive enough. To check the
existence of an immobilized fraction of organic eratl (which apart from SB could also

comprise the silanization agent octeo) in our nangmsites, we have performed proton low-
field NMR experiments in the temperature range ketw10 and 70°C. The characteristic
time for segmental dynamics as seen by NMR standthe ps range. Thus, the chosen
temperatures are just above the “NMR’,Twhich is roughly located 40 K above the

calorimetric Ty [46].

Based on eq 3, the apparent rigid polymer fracagnhas been determined for the silica
fractions between 8.4 and 21.1%v using a constaot slecay timer,ig = 30 pus as obtained

from the DQ measurement. An example of data fittthghown in Figure 4a, and one can see

that there is no rigid contribution in the neat nxat

b) 1
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Figure 4: a) FID data at 30°C for the matrix and a nanocom@aegth ®s= 21.1%v and 50%D3. The
corresponding non-quantitative DQ data used torohéte the apparent rigid-fraction time constant,
Tiig, are shown in the lower part. Lines are fits usgd. b) NMR-determined fraction of immobilized
polymer as a function of temperature for the SBogcamposites witlibg;= 8.4 — 21.1%yv and 50%D3.

Inset: rigid fraction versus %D3 at 50°C and fixeg= (16.70.1) %v.
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As can be seen in Figure 4b, the apparent amoungidf polymer increases wittbs; and
decreases with temperature as expected due tooftemiag of the immobilized part. The
obtained fractions are rather low (betweed.5 and 3.5%) as compared with other systems
like e.g., silica-polyethylacrylate nanocomposite$]. Note that our results are in agreement

with a recent work by Mujtaba et al [32] on indietSB rubber nanocomposites.

We can rationalize our results based on the streicitiaggregates filling fractal branches in
our system, cf. [36]. In this paper, we have corabia statistical analysis of TEM pictures
with SAXS results and numerical simulations, inertb quantitatively describe the space-
filling properties of silica NPs inside aggregatasd the ones of aggregates inside branches.
The main ingredients of structure description icipecal space are the NP form factor, the
construction of polydisperse aggregates by NPsigpelsive interactions between aggregates
caused by excluded volume and leading to a medsusappression of the low-q scattering.
Finally, the large-scale fractal network is desedlby a power-law behavior. This SAXS
analysis is combined with structural input giventhg fraction of branches in the samples
obtained by TEM. Aggregates contain typically sd0eprimary beads and together with the
aggregate radius one can define the internal siidame fraction termed compacity, The
latter value evolves from 31 to 38% with; in these samples [36], and one can calculate the
immobilized polymer fraction per aggregate

(1_(I)si)arig K
() 1-«x

agg —
a'rig -

(4)

Si

The latter corresponds to the ratio between thamel of the immobilized polymer and the
total polymer volume in one aggregate. At 30°6 = (7.3t0.7) %. Within error bars, it is

not found to vary withs;.
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A simple estimation of the layer thickness basedtlo® hypothesis of individual bead
dispersion gives 0.33 and 0.29 nmday = 8.4 and 21.1%v, respectively, i.e. the immobiiz
layer is very thin and its thickness independen®gf This remains also true in presence of
small aggregates, like here. Lastly, there was ewatable variation of the immobilized
fraction as a function of the quantity of graftableins (see the insert in Figure 4b at fixed

®gi = 16.7%vV), presumably due to the small number ofi{jgmafting functions.

The low fraction of immobilized polymer obtainedrfin NMR confirms the BDS results,
where it has been found that thaelaxation was not affected by the presence afasih our
concentration range. Indeed, the resolution of BIO8s not allow the detection of the slow-

down of such a small polymer fraction.

3.2 Influence of grafting on percolation

Grafting of hydrophobic molecules at low graftingngity has been shown to affect neither
the water-dependefft (see Sl) nor the segmental dynamicspfocess, see Figure 3). We
now concentrate on the impact of grafting on trghliemperature processes MWS1, MWS2,
and the conductivity. The imaginary part of theleb&ic permittivity is shown in Figure 5 for

samples at fixed silica volume fraction and varifrastions of graftable chains in the matrix

ranging from 0% to 100%D3 at 333 K.
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Figure 5: Dielectric loss spectra at T = 333 K for nanocosifes with different amounts of graftable
chains at fixedbg; = 8.5%v (%D3 = 0, 25, 50, 75 and 100, from top tttdra). Solid lines are fits to

the experimental data by means of eq 1. The fitrtmrtions are included for the sample with 0%D3:
the dashed-dotted line stands for the MWS1 cortinhuthe dashed line for MWS2, and the dotted

line for the dc-conductivity.

One notes that the 0%D3 sample which contains aftagple chains at all is singular, with a
high conductivity and a strong MWS2 contributioegshe detailed fit contributions in the
figure), whereas the other samples display mucletoxalues ot”( w) in the low-frequency
range. The different MWS-processes can be idedtifiethe broad maximum in Figure 5.
They are described by means of the HN expressiomg @- and %D3-independent shape
parameters (see section 2.2). Their temperatuepantent strengths have been averaged

from 293 to 363 K and are plotted as a functiomaftrix composition %D3, in Figure 6.
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Figure 6: DC-conductivity at 393 K (diamonds) and averagkig of the dielectric strengths versus T
for MWSL1 (circles) and MWS2 (squares) as a functdrthe fraction of graftable chainsbg =

8.5%yV). Lines are a guide to the eye.

The data in Figure 6 show that the strength ofMVES1 process at fixeds; is essentially
unaffected by grafting as observed for fiig@rocess (see Sl). Note that the comparison with
the interlayer model [28, 29] is favorable, as stieength is determined by the quantity of
silica at constant humidity. For both the logaritleiconductivity and dielectric strength of
MWS2, there is a continuous decrease with %D3 teath saturation. These quantities have
been superimposed using the appropriate scaleafdn, evhich allows one to see that the
shape of the decrease is correlated. MWSL1 is foumtdo be affected by grafting, whereas
MWS2 and the logarithm of the conductivity — whishow a similar T-dependence — both
display the same decrease. This common behavidrbeildiscussed in parallel with the
structural and rheological evolution in the nexdtem. To finish, the temperature dependence
of the relaxation time of the high-T processes igerny in the Sl for different matrix

compositions, i.e., different grafting, and activatenergies are summarized in Table 2.

16



Table 2: Activation energy for the dielectric processes MWsd MWS2, and the dc-conductivity in

nanocomposites with fixeds; = 8.5%v and different fractions of %D3.

%D3 Emws: (kJ/mal) Emwsz (kJ/mal) Egs (kJ/mal)
0 58.5 63 53
25 56 121 90
50 55 120 88
75 53 108 88
100 52 107 85

As previously observed fabg; variation [40], the MWS2 process displays a simaletivation
energy as the ionic conductivity and the high-terapee a-process (E= 80 kJ/mol, see
dotted line in Figure 3), suggesting again thas primarily controlled by segmental motion

of the polymer matrix via the ionic mobility (diffion across the matrix).

4. Discussion of relationship between structure, rheology, and MW S processes.

The large scale structure as observed by TEM [B@{vs the transition from a heterogeneous
distribution of silica with large space-spanningrrhes filled with aggregates at 0%D3 to a
much more homogeneous distribution of clustersggregates at 100%D3. This transition
with grafting can be described as the depercolatbnaggregates, and our dielectric
measurements confirm this in a rather uniqgue marndeed, the BDS response in Figure 6
shows that the second interfacial polarization @sscMWS2 is strongly related to these
global structural features. Also, all dielectricopesses are associated with a broad

distribution of relaxation times, in agreement wathucturally polydisperse systems [36].

The depercolation of the large-scale filler struetwith increasing polymer grafting has
direct consequences on the rheological respons¢éhefsamples to shear. One of the

characteristics of the G curves is the plateau modulus G, which can aésddiermined for
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the unfilled matrix (@), allowing to define the reinforcement factor &g tratio of moduli
G/Go. In Figure 7, we compare the evolution of thisi\f@icement factor with silica volume
fraction of two matrix compositions, 0%D3 and 50%D#&fting. The reinforcement was
determined at a common frequency of 60 Hz in rata ¢tizken from refs [36, 50]. Both sets
show a weak increase up to some critical percalatmume fraction, and a much stronger
one above. However, in the case of the non-funati®@B (0%D3), the critical percolation
occurs at lowefdg;. This illustrates thus the more percolated behrandidhe 0%D3 at a given
volume fraction. For a quantitative comparison,hage fitted the following function [36] to

the data

b
Gy [ @,y — P
GE = 1+2-5q)agg '{'@(cbagg - CDcagg) é[%]
0 ° )

agg

(5)

where @44 is the volume fraction of aggregates within theartwhes and defined as
@i/ (KDPrract). Note that average values of the fraction of bhas,®y,, have been determined
by electron microscopy before [36, 37]. The fipals us to determine the relative strength of
the network @Gy = 90 (0%D3) and 50 (50%D3). The critical silicalwmoe fractions are
indicated by arrows in the graph. We obtaintD.5% and 11.$50.5% for 0%D3 and 50%D3,
respectively. This confirms the result of the vismspection: with a shift of approximately
4% in volume fraction, this macroscopic technigiigstrates that grafting moves the system
away from percolation. Such a result agrees niadly literature results. Indeed, Kumar et al.
[51] recently reviewed the different situationssarg as a function of the mass and grafting
density of chains with respect to matrix chainsp&wling on the wetting ability of the
polymer brush by the (short or long) polymer mathains, different regimes are evidenced
leading to very different dispersion of the fillgarticles in the matrix. In our particular case

(same mass of grafted and matrix polymer, high cedwgrafting density), grafting induces
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good dispersion, thus shifting the system furtheay from the percolation threshold as

observed in our work.

B 50%D3
® 0%D3

12+

G/G

Figure 7: Comparison of rheological response at 60 Hz imseof the reinforcement factor G/@s a
function of silica volume fraction, for two diffemé grafting matrix compositions, 0%D3 (circles) and
50%D3 (squares). Solid lines are fits with eq 5e Plarely hydrodynamic reinforcement, 1+®,g, is

also indicated (dotted lines). Reinforcement valake obtained from data in refs [36, 50].

Incidentally, one may also comment on the NMR s the light of the reinforcement
factors shown in Figure 7. It has been shown régéntMujtaba et al [32] that reinforcement
may be coupled with the fraction of immobilized I@gsy”) polymer layers on the surface of
the NPs. The interpretation is that even thin layssnvey connections between the NPs.
These results were based on samples of very simsitacture. In the present study, the
fraction of (equally thin) immobilized layers wasuhd to be independent of the grafting
fraction, which in itself is a surprising resulttbonay be due to the low grafting densities. On
the other hand, the corresponding rheological slatavn in Figure 7 correlate with the strong
structural and dynamical evolution as seen by BRSnay thus be concluded that the
structural contribution — and not the quantity aimobilized polymer — dominates the

rheological response in our samples.
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5. CONCLUSION

The dielectric properties of silica-filled nanocoomsgges have been studied by BDS. The
insensitivity of thea-relaxation to the addition of silica was confirmbyg an independent
NMR-experiment aiming at the determination of thacfion of an immobilized polymer
layer. The equivalent layer thickness was founbemf the order of a few Angstroms, and the
“glassy” polymer fraction in an aggregate below 10%e latter value was determined using
the results of a multi-scale structural model basedaggregates of some tens of primary
nanoparticles filling large-scale branches and ibpesl by us recently [36]. This calculation
thus accounts for the heterogeneous distributiorsilida in the matrix, and allows the
estimation of the hard fraction of aggregates gibgrboth silica (via aggregate compacity)
and immobilized polymer to some 40%. This last gakuggests that aggregates can be

considered as rigid as compared to the surroundsogelastic polymer matrix.

Finally, a second Maxwell-Wagner-Sillars process\(BR) is shown to evolve strongly with
grafting at fixed volume fraction (8.5%v). Knowleslgof the microstructure and linear
rheology of these nanocomposites enables us telaterthese evolutions of dynamics with
the structure. Unlike MWS1 but similar to rheologhe MWS2 process is sensitive to
depercolation upon polymer grafting. This estal@ssthat dielectric spectroscopy can be used
as a simultaneous probe for large-scale structe@iganization in complex silica-polymer
nanocomposites and local dynamics. In combinatiahh WMR, it shows that structural
contributions to the rheological response domirthtese of immobilized polymer in our

samples.
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