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Abstract

The microstructure of polymer nanocomposites maide disordered silica filler (Zeosil(R) 1165MP)
of industrial relevance and various coating agéniguantitatively analyzed using a combination of
SAXS, TEM, and a recently developed structural rhofiee polymer matrix is formed by an end-
functionalized styrene-butadiene statistical copwy capable of covalent grafting on the silica
nanoparticles. The effect of the coating agenth ditferent alkyl chain length  C,, and Gg) on
filler structure quantified in terms of aggregatenfation, for different concentrations (up to 8%wt
with respect to silica), and the effect of a comipaadded catalyzer, DPG, are studied using the
structural model. As a result we show that a styoagnergetic effect of both DPG and coating agent
exist. Our findings open the road to a fundameatalerstanding and rational design of model and

industrial nanocomposite formulation with optimizamhting agents.



I ntroduction

The composition of modern car tire tread mateigtsf great complexity, and little is known abol t
impact of each of the many ingredients on the fistalicture and performance of such polymer
nanocomposites (PNC) in spite of many fundamental studies of such rasg”’. For the industrial
application, performance is usually quantified @mns of specific mechanical properties related to,
e.g., rolling resistance or wet grifi:° Since the advent of highly dispersible silica sdamenty years
ago, performance of such materials has been bobste&ilanol surface groups on the silica result in
a strong filler-filler interaction though at thetdment of the filler-polymer interaction> ** The latter

is dominant, e.g., for the traditional car tirddfil— carbon black —, which display a high dispersi
contribution of the surface energy. To overcoms thisadvantage of the silica, which is due to the
mismatch in polarity between the hydrophilic narmtipke surfaces and the hydrophobic polymer, an
obvious solution was found with the addition of tog and coupling agents. The firsts are small
amphiphilic silane molecules playing a role analegoto surfactant molecules in, e.g.,
microemulsions. They are known to decrease botbedisve and polar contributions of the surface
energy, whereas the introduction of a coupling agempensates the decrease of the dispersive part,
as compared to carbon black, by providing covalietks of the filler nanoparticles to the polymer
matrix. *” These agents are commonly used in modern car éinesnumerous studies have evidenced
their impact on dispersion and macroscopic progersee e.g>?%. Note that in some cases, different
surface chemistries, for instance with phosphooidsa have been developed in order to adapt surface
modification strategies to, e.g., aqueous environat, before casting the nanocomposite samples,

and its effect on the final nanocomposite structiire

Several studies have been dedicated to the impdat situ) filler-surface modification with silase

on the mechanical properties of filled styrene-tigae (SB) prepared by solid-phase mixing,
sometimes reporting impact on microstructure, sonest not."* ?*3°Such systems are close to the
industrial application, usually with a crosslinkethtrix (rubber, SBR), involving the addition of
various additives like, e.g., zinc oxide, sulfuB® (cyclohexyl benzothiazole sulfenamide) and DPG
(diphenyl guanidine), referred to as ‘curing paek&d Stockelhuber et &F have studied SBR filled
with different silica nanopatrticles and silane gref, and provided evidend®y dynamical mechanical
measurements for the impact of the interfacial prigs on large-scale mechanical properties and in
particular the Payne effett The Payne effect in silica-filled SBR was alsed#d as a function of
surface modification with coating or coupling ageby Ramier et &, In this case, the dispersion
state of the silica was not found to vary, wherts amplitude of the Payne effect was found to
decrease with surface modification, as also obsebyeGauthier et a®. The reversible decrease of
elastic modulus associated with the Payne effestamarelated with bound rubber measurements and

discussed in terms of chain desorption from tHerfdurface.



Several groups have observed correlations of niogis structure with mechanical propertigs> >

% Wu et al have studied the influence of surface ifitadion of silica filler with a coupling agent in
SBR.?! They have shown that an in situ modification ditaiNPs with coupling agent increases the
content of bound rubber, and improves the dispersicilica, the stability of which is ensured et
chemical bonds between filler and rubber. They ptewided rheological evidence for a simultaneous
improvement of both rolling resistance and wet grig, the industrially relevant quantities. Caditiza
et al have studied the impact of surface modificabf silica in SBR on structure by TEN: ** They
have shown that the better dispersion obtained wildne agents is correlated with a shift in
percolation threshold towards higher filler consendas well as a higher tensile strength at high
deformation. Finally, the use of a coating agentraeduce filler-filler interactions and improve
dispersion in SBR was exploited by Mujtaba etaIThis induces a higher specific surface which
contributes strongly to mechanical properties, wheran additional fraction of micron-sized filléss
found to have little effect. In all these exampldése SBR nanocomposites display a complex
formulation — including curing agents as mentioabdve —, and the grafting of coating or coupling

agents onto the silica surfaces cannot be studampiendently.

On the contrary, the impact d@fdividual curing ingredients on rheology has been invesiddty

Schaal et al*® They followed rheological changes upon annealing found that DPG leads to a
retardation of the presumed re-agglomeration afasparticles. DPG is a basic molecule traditignall
used as a secondary accelerator, but it was alsadfto improve the silanization reaction during
mixing. ¥ This is beneficial for the curing process as higteverage of the silica surface allows
better efficiency of the accelerator (e.g., CB)jah otherwise tends to adsorb on the silica serfic

It follows that the mixing order of the ingredienssof primary importance. If, in many cases, DPG

7, 35, 39,

was added together with the curing package —aitéhe end of the mixing proces: or later by

using a two-roll mill** 34

—, it was recently introduced in the first stagenixing together with the
coating® or coupling®™ agent and the silica, following a patented innmvaby Michelin®’. To the
best of our knowledge, however, goantitativestudy of filler dispersion and aggregation in styg-
butadiene of the separate and combined impact tf doating agent and DPG on the final PNC

structure exists. This is the objective of the predetter.

In recent contributions, we have developed a coathimTEM-SAXS-simulation analysis of
nanoparticle and aggregate dispersions in systémisardered silica in styrene-butadiene copolymer
of industrial relevance but with a limited numbérimgredients* 4. Motivated, in particular by the
absence of any additive related to curing but D®@, system with un-crosslinked SB matrix was
termed ‘simplified industrial’. The objective ofdfpresent letter is to use our quantitative anslgsi
characterize the structure of the filler partidiesuch systems as a function of the concentraifon
small molecules, i.e., coating agent and DPG, dewto investigate their — empirically known to be

synergetic — impact on nanocomposite structure.



Materials and methods

Sample formulation. Styrene-butadiene random copolymer was purposiiasized by Synthois

two highly monodisperse versions (polydispersity indek.02): one non functionalized of molecular
weight 177 kg/mol (denoted ‘NF’), the other (170rkgl, denoted ‘F’) with a single graftable end-
function SiMe-OH, also called D3. The synthesis protocol isinatl elsewhere!” An industrially
relevant example of a coating agent is octyltrigylsdane (“octeo”), which is typically used at 8%wt
with respect to silica, and the content of whictvasied in the present study from zero to the fatte
value (0, 4%, 8%). The mass of the short aliphett@in of the silane was also varied, from octyl- to
dodecyl- and octadecyl-triethoxysilane (termedr@mn Sigma-Aldrich, G, and Gg from Alfa Aesar,

of molar mass 276, 332, and 417 g/mol, resp.), ikgabe molar concentrations constant with respect
to the 8%wt octeo sampleBhe filler is obtained by fragmentation of precigyéd silica micropellets
(Zeosil(R) 1165MP from Solvay), which have a norhispecific surface of 160 Tfy. The size
distribution of the primary nanoparticles obeysg-hormal law in agreement with TEM studies R
8.55 nm,o = 27%, leading to an average bead volume $£\8.6 18 nn?). ** Finally, 1,3-diphenyl
guanidine (DPG from Bayer, 211 g/mol, 1%wt withpest to polymer) was also used during the
mixing process. As discussed above, its empiriglal is to enhance silanizatidhis the second small
molecule the impact of which is investigated heme,its own and in combination with octeo to
characterize the potential synergy. PNC sampleg wesduced by stepwise introduction and mixing
in an internal mixer at a temperature reaching C5& ensure silanizatiof?. The polymer was
introduced first at 70°C and masticated for 1 mafiobe introduction in two equal steps of the silica
together with the coating agent and DPG. Mixingflddowed by two passages between rotating
cylinders at 70°C first, then another twelve passagfter cooling to room temperature. Finally,
samples have been pressed at T = 60°C, P = 6(@b& rhin, to reach a final sample thickness of
about 1.5 mm. Effective grafting after the mixingogess was checked by bound rubber (BR)
measurements giving the quantity of non-extractabiins. The BR fraction has been determined by
extraction of the free chains in xylene and meaguthe resulting sample mass after evaporation of
the solvent. This indicator for the efficiency dfain grafting on the silica surface is also linkedhe
structuration of the fillef?. Note that due to the absence of antioxidant aigetiie formulation, some
weak crosslinking of SB occurs during mixing reisigtin an incomplete dissolution of the matrix
polymer in a good solvent of the polymer (THF). Eomparison, some crosslinked samples have also
been produced by adding sulfur and CBS (1.5%wt vé#ipect to polymer for each) after the internal
mixing step. In order to reduce the number of patans, a single silica volume fraction @f; =
18%v has been investigated here. For all samples, wolume fractions characterized by

thermogravimetric analysis display some small spdano more than 0.3%v.

Structural analysis. Small-angle X-ray scattering was performed on baa®WING at synchrotron

SOLEIL (Saint Aubin, France) using standard cond#i (sample-to-detector distances 2 m, 5 m and
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6.5 m; wavelength 1 A, giving a g-range from 6.2' " to 5.6 10" A™). Standard data reduction
tools given by Soleil were used (Foxtrot 3.1). Matontributions have been measured independently,
and subtracted. Transmission electron microscolM)Twas performed on samples prepared by
ultracryomicrotomy at —120 °C (desired thicknesstse90 nm, copper grids with carbon membrane)
using a FEI Tecnai Biotwin at 120 kV. SAXS revealsmulti-scale filler structure: NPs forms
aggregates which are themselves concentrated virttal branches extending over micrometers. In
the quantitative structural model that we hawdeveloped, the central element is the aggregate
defined by its internal characteristics, namelyrage compacitk, and aggregation numbetdyl The
SAXS analysis is performed in two steps: (i) the o a Kratky plot (g2l(q) versus q) to extract the
average aggregate radiugRand (ii) the description of the inter-aggregatietaction by a simulated
structure factor for polydisperse spheres reprasgaiggregates with hard sphere interactions. As th
silica fraction is fixed here, the latter contrilomt has a minor impact, and changes in the SAX& dat
are mainly related to a different aggregate forgidia(mass and size). Comparison with the SAXS
intensity at a low-q value leads to the determoratf the average aggregate compaCcity.Note that
guantitative input of TEM in terms of the volumadtion of fractal brancheB,. (or equivalently the
volume fraction of pure polymer zones, given by ®«=) is needed to estimate the internal volume
fraction, ®agq = Psi/ (K Prracy)- ‘1 0on average for the samples with functionalizedirehaP.; about

80+2% was found. For NF and 50/50, we udgg..= 58 and 73%, respectivel;
Results and discussion

Impact of matrix composition on nanocomposite structure. In recent studies of simplified-
industrial nanocomposites, we have investigatedntipact of chain parameters on the filler aggregate
structure by SAXS, and in particular chain end-fiomalization*” and chain mas¥. In order to test
the influence of the coating agent and DPG repartéte present letter, a matrix composition had to
be chosen. As the chains had been newly synthesitkd slightly different chain mass than before
4.4 the impact of end-functionalization was studi@stf in order to choose the most promising
system in terms of structural evolution. For thensareason, we have chosen to work with a high
volume fraction of silica filler @g; = 18%v). In Figure 1, three normalized SAXS intgneurves are
shown, corresponding to either a pure non funcliped matrix (NF), a fully functionalized one (F),
and a 50/50 mixture. The structural features ofe¢heanocomposites are clearly recognized in the
scattered intensities: the high-q scattering isime&sment of the primary silica NPs, identical in al
formulations. A small bump in the range 0.02 — 0%03(well visible in a Kratky representation, see
later in Figure 3b) characterizes the interactibesveen particles in contact, and below that geralu
aggregate scattering is dominant. A much strongange in slope around 0.0I'As indicative of
aggregate-aggregate interactions, and this positi@pspace is used to extract the average aggregat

radius Ryq from the scattering. In this intermediate g-range, the strong infleemd the matrix



composition on the structure is visible. At lowfopally, a low-q upturn typical for large-scaleldi

structures is visible.
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Figure 1: Reduced SAXS intensities I(@/ allowing the structural comparison between nanquusites
containing 18.0£0.3%v of silica, coating agent ocf@%wt), and DPG, made with different polymer ritats F
(squares), NF (circles), and a 50/50 mixture (diads). Arrows indicate the g-ranges of nanoparticled
aggregate-scattering, respectively. Inset: Bouhtheuresults for the same samples.

NF 50/50 F

A quantitative analysis confirming the impact oftmacomposition has been performed following
ref. ** . It allows the determination of not onlydg but also the aggregate density (compacjtyand
thus the average aggregation numbegg,Nall given in Table 1. As in our previous work kvig
different polymer®? the more functionalized matrix chains are, thedo the aggregate radius
determined through the Kratky representation, &aeddwer thec. This tendency results in a decrease
of the aggregation number by a factor of two. Theld@ion towards smaller aggregates is
accompanied by the formation of a well-defined $tteuaround 0.01 A nanocomposites formed
with the end-functionalized polymer chains thusspré the most prominent signature in 1(q),
indicative of the best dispersion of smallest guesaggregates. Moreover, the effect of the grédtab
chains can also be evidenced by bound rubber nmerasuts, the results of which are also summarized
in Table 1 and in the inset in Figure 1. Even vaitty un-functionalized polymer (NF), about half of
the chains are not desorbed in a BR measuremerst, pnobably due to weak crosslinking of the
chains during mixing, or possibly chain adsorptanthe filler. The high fraction of bound rubber
with graftable chains indicates that grafting tqu&ce. We thus choose to study the impact of the
small molecules, silane and DPG, only with fullyétionalized, graftable matrices, by investigating

how the dispersion evolves as the quantity of smalkecules is reduced.



Sample Coating Pg (%V) Ragg (NM) K (%) Nagg %BR
NF G 18.3 33 70 67 46
50/50 G 18.2 33 51 47 57

F G 18.1 30 44 31 96

F Cy, 18.1 30 45 31 98

F Cie 18.3 31 45 34 99

F 4%wt G 17.8 32 46 39 92

F - 175 34 47 48 88

F, no DPG G 18.1 36 50 61 88
F, no DPG - 174 38 48 67 69

Table 1: Nanocomposite formulations with silica contdng = 18.0+ 0.3%yv. Average radius of aggregates from
Kratky analysis, compacity, aggregation number, lamand rubber of PNCs. All samples contain 8%wiMth
respect to silica (resp., isomolar,C,g) and DPG, unless otherwise stated.

Impact of hydrophobic character of coating agent on nanocomposite structure: Subsequent to the

choice of the polymer matrix, the coating agentdeeeto be chosen. We have varied the chemical
nature of the coating molecule, via the lengthtsfaliphatic chain. The macroscopic bound rubber
values are almost identical (96 — 99%) and arenginelable 1. This suggests that the chain lenfth o
the coating agent has only little influence on pudy grafting, which we have seen in Figure 1 to be
an important driver of the PNC microstructure. Boattering results for an 18%-nanocomposite, in a
fully functionalized polymer matrix, with DPG ansbimolar amounts of gfocteo, 8%wt with respect

to silica), Go, or Gg, are shown in Figure 2.
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Figure 2: Reduced SAXS intensities allowing the structurainparison between nanocomposites containing
18.0+0.3%v silica in a fully functionalized matnixith DPG, for three different isomolar silane cogtiagents:
octeo (G, squares), G (circles), and g (triangles). The inset shows the bound rubbehefsame PNCs.

Contrarily to what one might expect based on thm#&ion of a more hydrophobic layer on the filler
surface, potentially inducing a better compatibilian (and thus dispersion), there is no significan

effect of the nature of the coating agent on thgregate structure. Indeed, the three intensityesurv
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superimpose almost perfectly. This surprising tesisly be due to a saturation effect, i.e., addneg t
same number of higher-mass agents would not inerdssilica surface coverage. In this picturg, C
molecules already reach a perfect coverage, apaily modifies the thickness of the interfacial
layer. Also, bound rubber measurements seem to sbampact on the efficiency of polymer grafting
on the silica surface, further indicating similarface coverage. In the rest of this article, thdace
modification is thus performed with theg €oating agent (octeo), which incidentally is atbe

industrially relevant one.

Impact of amount of coating agent on nanocomposite structure. In Figure 3a, the normalized
small-angle intensities scattered by nanocomposifewvarious octeo contents used during the
formulation, 0, 4, and 8%wt with respect to théefil respectively, are shown, all other parameters

being fixed, namely the filler content and DPG.

. [ —
-?) 5/ b) - ¢ Octeo 0%
L 1 —~~ L
3 - / 4 :'< 3 = Octeo 8%
‘_.'A ; ~ [ :‘
e i c §
2 :I.O4 i o 100,
.e. [ Q 1 80
z ] T Tlgw ]
- g (?7 %40,
107 ] 04 2
E 00 ‘ O.‘02 ‘ 0‘.04
L 9B 4% 8% . Y L, SN ‘ e
10° 10'12 10t 410° 107 310° 7 10°
- -1
q (A% q (A

Figure 3: a) Reduced SAXS intensities allowing the structurahparison between nanocomposites containing
18.0+0.3%v silica in a fully functionalized matrixith DPG, made with different amounts of coatingeiaigy
octeo: 0 (diamonds), 4 (crosses), and 8%wt (squafd® inset shows the bound rubber of the samesPNC
Arrows indicate the g-ranges of particle- and aggte-scattering, respectivelp) Kratky plot fl(q) vs q
highlighting the structural evolution (dashed aryownset: All BR for functionalized polymers verstise

specific surface of aggregates.

The scattered intensities in Figure 3a are chaiatiteof the same type of structure as discussitid w
Figure 1: obvious changes are induced by the pcesefthe coating agent, inducing better filler
dispersion. A similar result has been reportechin literature for an ungrafted polymer maffixn
parallel, the fraction of bound rubber shown in itheet is seen to increase with the amount of octeo
Figure 3a is a key result of our study, as it destrates, to our knowledge for the first time, the
delicate impact of the coating agent on structargraftable matrices. The results of our quantiati
analysis are given in Table 1. It reveals a deer&ysmore than 10% in the average aggregate radius

Rages Which is also seen in the Kratky representatiofrigure 3b, with the shift of the maximum to
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higher q illustrated by the dashed arrow. This mmaxn is the direct consequence of the break in slope
in I(g), indicative of the aggregate interactioighiighted by the arrovaround 0.01A%, From the
analysis of the height of the signal in the ‘aggtegregion’ up to 0.0A™, using the volume fraction

of fractal branches determined independently fraaMTpictures shown in Figure 4b{.., = 80%), the
compacity is also found to decrease, as given IsleTa. As a result of the combination of decrease
both in size and density, the average aggregatiomber Ny is seen to diminish by 35%, from 48 to
31. In the inset of Figure 3a, the bound rubbeultgesare seen to slightly increase with increasing
octeo content. As this coating agent does not ibaré to any grafting of the polymer, this is aopiri
surprising. Our interpretation is that the decreabé\,q, favors polymer-filler interactions, via a
higher specific surface S/V estimated byd3jfR.qq in the inset of Figure 3b. Indeed, both bound
rubber and S/V increase by some 10%. It cannotelo&ddd, however, if the higher bound rubber is
only adsorbed to the aggregates, possibly entangkbdgrafted chains making it difficult to desorb,
or if the higher S/V favors polymer access to stefand grafting. In parallel, the TEM images of the
octeo-series in Figure 4 illustrate the progressorenation of smaller and smaller structures with
increasing octeo content. Homogeneity on largeteschas been checked with lower resolution
pictures. As expected, compatibilization of thegwrally hydrophilic filler surface with the
hydrophobic polymer matrix through the coating dgeduces the formation of smaller aggregates,

i.e., a better — more “nano” — dispersion.

Figure 4: TEM images of nanocomposites containing 18.0+0.3%wa in a fully functionalized matrix with
DPG, made with different amounts of coating ageté@: 0, 4, and 8%wt with respect to silica.

Synergetic effect of coating agent and catalyzer on nanocomposite structure. The impact of the
coating agent octeo being now characterized, thmireng question is the role of DPG. We have
formulated and compared four different samplestainomg either no agents, only octeo, only DPG, or
both DPG and octeo. Concentrations have been sgtetmominal values, i.e., 8%wt octeo with
respect to silicax 18%v filler fraction), and 1%wt DPG with respeot polymer mass. The TEM
images in Figures 4 and 5 seem to indicate thathleacteristic size is larger in absence of bote®
and DPG, or only with octeo, than in presence ¢f &G or both agents. For a quantitative analysis,
however, the evolutions are too weak, and SAXSexlad.
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Figure 5: TEM images of nanocomposites containing 18.0+0.3wa in a fully functionalized matrix{a)
without small moleculegb) with octeo only (8%wt with respect to silica, n®6). Images with only DPG, and
with both octeo and DPG are presented in Figure 4.

In Figure 6a, the normalized scattered intenséresplotted for these samples, and the Kratky pitots

Figure 6b highlight the structural evolution.
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Figure 6: @) Reduced SAXS intensities comparing the structur@gaobcomposites containing 18.0+0.3%v silica
in a fully functionalized matrix: without small nextules (bare, triangles), with DPG only (diamondg}h
octeo only (circles), and with both octeo and DRGuéres). The fraction of octeo (when presentyssvB The
inset shows the bound rubber of the same POsratky representationf the same samples.

All the structures characterized by scatteringigjuFe 6a are again typical for this type of simplif
industrial nanocomposites. The coating agent an@ BRve a pronounced impact on the aggregate
structure probed at intermediate g, as one cafraeethe different intensity levels — keeping innahi

the logarithmic scale: without any DPG or coatirgprat, the dispersion is worst, with the highest
intensity in Figure 6a, while in presence of botbf-the lowest, red curve in the figure —, thetbes
dispersion is obtained. This is confirmed by thamitative analysis of the Kratky plot (Figure 6b)
presenting a shift to the right with added molesuighich leads to the average aggregate radius give
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in Table 1: Ry decreases from 38 (no agents) to 30 nm (both sigeSitmultaneously, the compacity
and the aggregation number evolve from 48% to 44%, and Jy,from 67 to 31, respectively, while
the bound rubber fraction increases from below T0%bove 95%. The decrease ig\s indicative
of a better compatibility of the filler with the itn, as there is more polymer in contact withefiff

for smaller aggregates, and this leads to the bigh@und rubber value in Figure 6a.

One might wonder if octeo and DPG produce a symiergéfect on the microstructure, or if only one
of them might be effective. The two intermediatenpkes with either one of them have also been
analyzed; cf. Figure 6 and Table 1. Adding onlyeoatlecreases the aggregate radius to 36 nm and the
aggregation number ) to 61, whereas the bound rubber fraction increables latter behavior is
consistent with the variation observed for différenteo contents in presence of DPG, cf. Figure 3,
and probably has the same causes — a higher spsaifiace. Finally, adding only DPG has an
unexpected effect on the structure, as it leadsltetter dispersion than without any agent: thesme
aggregate radius is about 34 nm, while compaciy7% and the aggregation numbegd¥ 48. Such
results may be due to the strong affinity of theib®PG with the silica surface, which displayslaci
character. DPG therefore preferentially adsorbshen(untreated) silica, preventing by this way the
formation of hydrogen bonds between hydroxyl groapslifferent nanoparticle$” * Note that the
number density of silanol groups on silica has t&wwn to be correlated with the aggregate size in
SBR nanocomposited? Comparison between the structural results with Dy and octeo only
further indicates that the efficiency of the cogtigent alone is not optimal. The addition of DPG
together with octeo is required to obtain the betlispersion (see Figure 6 and Table 1), DPG
promoting the grafting reaction of the silafieOn the other hand, one may wonder if DPG alscehas
catalytic action on the grafting reaction of théypter chains on the silica nanopatrticles (all chaire
expected to carry a Si-OH end-function). This doeisseem to be the case as the BR values for DPG
only and octeo only are identical. It follows thie 40%-increase of the bound rubber fraction from
no agents to both agents in Figure 6a is mostledrby the structural evolution: the decrease gf N
leads to a higher specific surface{45%), favoring chain grafting. Confronting thdselings with
presence and absencebafth molecules unambiguously proves that DPG and oatemecessary to

tune the large-scale filler structure efficiently.

In order to extend our discussion towards the erfee of small molecules on crosslinked samples as
they may be used in applications, we have firsestigated the vulcanization kinetics given by the
curing curves (torque versus time) of the pure matith and without DPG, see inset of Figure 7. As
observed by Ramier et &f, using only CBS (without DPG) shifts the beginnisfghe vulcanization
process to longer times, which means that bothle@ters are required for a rapid cure. In the
meantime, we found that the presence of DPG imphetdinal crosslinking density only by a few
percent. We have then formulated four crosslinkedpes in analogy to the four samples compared

in Figure 6. The experimental difficulty with susamples is that the curing agents are added in the
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two-roll mill process, inducing slight anisotropg the samples and thus intensities. Luckily, the
average level of these intensities as shown innet plot, however, varies strongly with the

composition, making conclusions robust indepengiasftanisotropy. In Figure 7, the same color code
as for Figure 6 applies, comparing crosslinked $asnwith both DPG and octeo, with only one, or
neither. The scattering of the corresponding urstidsed samples (Fig.6a) is superimposed in grey

for convenience.

10 Ca g
82 Crosslinked PNCs?
A IH ]
16, s Bare |
F.'A * C8 ]
e i + DPG|]
8/_ 10°L Both||
(%] E 3
e |
2 10°,
|
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Figure 7: Reduced SAXS intensities comparing the structurecraisslinked nanocomposites containing
17.5+0.3%v silica in a fully functionalized matriwithout small molecules (bare, triangles), with®@®@nly
(diamonds), with octeo only (circles), and with bbaicteo and DPG (squares). The fraction of octeloefw
present) is 8%wt. The uncrosslinked curves showFignre 6 are superimposed in grey. Inset: Curinges of
unfilled polymer: SB+Sulfur+CBS, and SB+Sulfur+CHIRG.

In Figure 7, crosslinked and uncrosslinked strduare identical at high g, and at low q intensitie
tend to converge. In the intermediate g-rangefall intensity curves of crosslinked samples are
higher by less than a factor of two than the urstialsed ones. This means crosslinking favors diyght
the aggregation of silica nanoparticles, similadyprevious results". For instance, comparing the
intensity levels of the samples having both smallarules, the crosslinked one has bigger aggregates
Ragg (34 Nm, uncrosslinked: 32 nm), about the same esitp(k = 47%, resp. 44%), and a highegN

= 46 (resp. 31). It is unclear, however, if thisrgase in aggregation is due to the crosslinkechvhi
might influence interactions between particles,jfanechanical action during crosslinking has this
effect. The most remarkable fact in Figure 7 ig tha order of the curves is unchanged with resjmect
the uncrosslinked case. Our findings that both kmalecules, DPG and octeo, are necessary to tune

the large-scale filler structure efficiently thiesmrain valid also for crosslinked samples.
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Conclusion

We have investigated the impact of small moleculesoating agents and DPG added during
formulation by solid-phase mixing — on the boundbbrer fraction and on the microstructure of
polymer nanocomposites made with disordered siiilea of industrial relevance. The bound rubber
is found to be correlated with the microstructiges(inset of Figure 3b), suggesting a specificaserf
effect, smaller aggregates offering more possigditto bind polymer. The microstructure is
characterized by small-angle scattering and TEMh i particular focus on aggregates of primary
NPs, which we have shown to be the fundamentalctstral units, cf. recent review&" >2
Accordingly, the structure can be quantitativelgaéed with two independent measures, the average
aggregate radius,R, and the average aggregation numbgg, Nr equivalently, the compaciky Both
have been shown to evolve with the coating agentet, higher concentrations of this additive
giving better dispersion, i.e., smaller aggregapessumably due to a better compatibility with the
matrix. There was surprisingly no impact of the inhdength of the coating agent on the
nanocomposite microstructure, suggesting that stiwains are sufficient to cover the nanoparticle
surface. Concerning this latter point, one mighnhetbeless expect a modification of the local
dynamics, caused by a plasticizing effect of thérimmay the longer aliphatic chains, a point whigh
hope to address in a future study. Along the sanas,| one could also investigate if the absence of
effect is due to saturation of the surface, ey pdrforming a study of longer molecules as a fiomct

of (lower) concentrations.

By confronting the dispersion of nanocomposite$waitd without the amine DPG, this molecule was
unambiguously demonstrated to be necessary to peothe compatibilizing effect of the coating

agent: there is a strong synergy between the aamddhe coating agent. This conclusion was shown
to remain true even for industrially more relevardsslinked samples. By comparing bound rubber
and structure to a sample containing only DPG,a$ fiurther shown that DPG does not catalyze the
matrix end-grafting. Incidentally, this could beoss-checked in future studies with nanocomposites
made only with a non graftable matrix, which wagleded here in order to obtain the strongest

possible structural signature of synergy.
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