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ABSTRACT

The structure of silica-latex nanocomposites oé¢hmatrix chain masses (20, 50, and 160
kg/mol of poly(ethyl methacrylate)) are studiedngsa SAXS/TEM approach, coupled via
Monte Carlo simulations of scattering of fully pdigperse silica nanoparticle aggregates. At
low silica concentrations (1%v), the impact of tmatrix chain mass on the structure is
guantified in terms of the aggregation number ihistion function, highest mass leading to
individual dispersion, whereas the lower massesrfthe formation of small aggregates. Both
simulations for SAXS and TEM give compatible aggtegcompacities around 10%v,
indicating that the construction algorithm for aggptes is realistic. Our results on structure
are rationalized in terms of the critical collisiome between nanoparticles due to diffusion in
viscous matrices. At higher concentrations, agdesgaverlap and form a percolated
network, with a smaller and lighter mesh in pregen€ high mass polymers. The linear
rheology is investigated with oscillatory shear esments. It shows a feature related to the
silica structure at low frequencies, the amplittedevhich can be described by two power
laws separated by the percolation threshold ofexgges.



1. INTRODUCTION

Polymer nanocomposites are formed by incorporatibmanoparticles (NP) into polymer
matrices, usually with the aim of improving mategaoperties’™. Among the latter, the
mechanical or rheological behavior is found to ahepstrongly on microstructure, i.e. on the
spatial arrangement of the NPs in the mafrix® Nanocomposites, in particular model
systems obtained by mixing polymer and NPs in gmufollowed by solvent casting have
been abundantly studied in the literatdr€. These systems allow for a large variation of
experimental parameters, like matrix polymer chamss™ 4 or grafting chemistry on NPs
12,15 At high enough temperatures, typically aboverttarix Ty, the structure of systems can
evolve if the NP mobility is sufficiently high. Thieffect has been exploited by several
authors® *18 Jia et al'’, e.g., have studied NP aggregation as a functioanaealing
temperature and matrix molecular mass, finding énghggregation at elevated temperatures
and low masses. This effect is related to the matiscosity, which controls the NP
diffusivity. In most of the references cited abost&uctural analysis of complex assemblies or
dispersions is performed by small angle scatteonglectron microscopy techniques. The
latter are rarely coupletf, and only a few quantitative comparisons of rexat and direct

space methods exist, e°¢?°.

The latex-route is another way to obtain polymerawmposites with controllable structures.
Latex film formation is well-understodd' %% and the dissolution of latex beads in presence or
absence of silica NPs has been recently followatetail>>. The dispersion of the NPs in the
latex matrix is primarily a consequence of theratéons between the beads while still in
aqueous suspension. Triggering repulsions by pHbeesn used by us before to change
aggregation in the final nanocomposife?® and thus reinforcemeft. As with solvent-cast
nanocomposites, reorganization on accessible toales of the NPs after evaporation of the
agueous solvent is possible if the mobility of ties in the matrix is high enough, the latter
being controlled by matrix viscosity, and thus rixathain mass’. To our best knowledge,
there is no study on the effect of chain mass kT fieorganization in latex films, which is

the purpose of the present contribution.

The outline of this article is the following. Firgin analysis of transmission electron
microscopy (TEM) pictures in terms of distributidanctions of aggregation numbers is

presented, for nanocomposites made with matrixnshaf three different masses. Then, a
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small angle X-ray scattering (SAXS) analysis ismuatively coupled to the TEM results by
introducing the aggregate distributions in a fuyblglydisperse Monte Carlo simulation of
scattering of aggregates. Apart from a recent stlahe on a different systet, we are not
aware of such quantitative combined studies. Insteond part of the results section, we
explore the rheological properties of the nanocasitps, and isolate the silica contribution
before and after the percolation threshold. In thscussion, finally, the impact of the
rheology on the structure, and of the structuréherrheology, is compared.

2. MATERIALSAND METHODS

Silica nanoparticles: The aqueous solution of silica NPs, Ludox TM40s\parchased from
Aldrich and was characterized by SAXS after dilatio deionized water down to a volume
fraction of 0.004. The scattered intensity was vistiéd with a log-normal distribution of
spherical objects =14 nm ando = 11%, cf. Sl). From this distribution, the averaijea
NP volume and the average projected surface areaeaalculated: ¥= 1.21 18 nn®, and
Asi = 630 nn3. Image analysis of TEM results gave very simil& ¢haracteristics (cf. SI):R
=13.1 nm anav = 12%.

Poly(ethyl methacrylate) (PEMA) nanolatices: Polymer NPs were synthesized by free
radical emulsion polymerization using a semi-camdns batch method. The synthesis was
adapted from similar protocofé. All materials were used as received. Ethyl metiate
(EMA, Aldrich, 99% purity), ammonium persulfate .$0s), tert-dodecylmercaptan
(TDM Aldrich, 98.5% purity) and sodium dihydrogermgaphate (NakPQ, - H,O) were used
as initiator, transfer agent and buffer, respeétivEhe surfactant used for stabilization was
sodium dodecyl sulfate (SDS, >98.5% purity). Dezaali water was used throughout. The
semi-continuous emulsion polymerization was cargedl at 80°C in a 250 ml glass reactor
fitted with a reflux condenser, stainless-steetati temperature probe, argon inlet and two
feed inlet tubes. The initial charge in the reagtas the surfactant, buffer, initiator and water.
To remove oxygen, argon gas was bubbled througtsdhdion into the reactor for 15 min
under 250 rpm stirring. Once the temperature ofdharge stabilized at 80°C, 0.5 mL of
initiator solution (0.324 g in 2 ml of water) wagdcted into the flask and the feed streams
were initiated. The first feed stream was a sotubtd initiator, surfactant and buffer in water
(feeding rate = 0.39 g/min), and the second wasrnteomer-transfer agent mixture (feeding
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rate = 0.194 g/min to maintain starved conditiori§)e monomer and aqueous feeds were
calculated to finish the addition in 1 h. Subsedlyerthe polymerization was continued in
batch for 1 h. Different chain masses (from 20 0 kg/mol) were generated by varying the
amount of transfer agent. In our nomenclature PEMAcorresponds to a sample with a M
kg/mol matrix. PEMA160 was synthetized without 881 agent, whereas PEMA50 and
PEMAZ20 were obtained using 0.0059 and 0.0108 TDMAEMNIass ratios, respectively. The
polymer mass content of nanolatex was 10%w.

Nanolatex particle sizes were characterized by uhymdight scattering using a cumulant
analysis. Polymeric particle diameters were coneprisetween 20 and 30 nm. After drying
and solubilization in tetrahydrofuran, molecularigi® characterization of polymeric chains
was done by gel permeation chromatography (GP@Qgu3MMA standards for calibration.
Polydispersity indexes were all less than 1.9. dliyh it is possible to use controlled radical
polymerization to considerably decrease polydidpeirsdices?® *° the wide range of masses
studied here - from a few entanglement masses bMAP@®etween 6 and 8 kg/mol according
to linear rheology, compatible with réf) to almost twenty times more - made such a refined
approach unnecessary. Based on carbonyl peakssanal*>C NMR spectra obtained in
CDCl, the tacticity of PEMA chains was measured: 77.3¥d®tactic and 22.5% isotactic.

Characteristics of initial colloidal solutions aemmarized in Table 1.

PEMA20 | PEMAS0 PEM A160 | Silica TM 40
Nanoparticle diameter Jgnm) 20 26 19 28
Dy polydispersity index 0. 0.3 0.3 0.11
Molecular weight N} (kg/mol) 18.5 51.6 159 -
Polydispersity index MMy, 1.7 1.6 1.9 -
Ty (°C) 65 74 76 -

Table 1: Latex and silica nanoparticle characteristics.

Note that there are some minor differences in #ueotatex sizes. As this article focuses on
the effect of polymer molecular weight, and a styatifference between PEMA160 and
PEMA20 (which have virtually the same diametersfosnd, and no difference between
PEMA20 and PEMASO0 (which differ slightly in diame}eit can be safely concluded that this
parameter is not relevant for the present stude glass-transition temperature of PEMA
matrices has been determined by Differential Seapalorimetry (DS¢at 20 K/min and



increases from 65°C to 76°C with increasing molacueight following the Flory-Fox
equatior®? (see Table 1 and Sl for details).

Nanocomposite film preparation: Prior to preparation of nanocomposite films by ealv
casting in a Teflon mold, colloidal solutions wesgtensively dialyzed against deionized
water to remove residual reactants and salts obthining a conductivity inferior to 10
pnS/cm. Mass contents of aqueous solutions werendieted by the gravimetric method. After
dialysis, the nanolatex mass contents were aboutwbfoand silica colloidal solution was
15% wi/w. Considering measured densities of silivd BEMA psi= 2.25 g/cmi andppema=
1.13 glcrd, respectively), mixtures of solutions were preparixtures were degased
overnight in a dessicator, whereas the Teflon medd degased into the oven at 80°C under
vacuum. Mixtures were dried about 8 hours in amoae80°C to obtain transparent films.
Subsequently, to ensure latex bead dissolutipsamples were annealed for seven days at
180°C under vacuum. During this annealing, resslsakfactants degraded and provided a
slightly brown coloring to samples. GPC analysiswéd that polymer molecular weights
were not affected by this procedure (see Sl). Nloét similar to many acrylates, PEMA has
favorable interactions by hydrogen bonding withebsitica®' 34 which should be independent
of polymer mass.

Nanocomposite film characterization: Thermogravimetric analysis (TGA) was performed
to check silica volume fractio®s of nanocomposite samples. 20 mg samples were heated
from 30°C to 650°C at a rate of 30 K/min underagin. From the plot of sample weight vs.
temperature, the sample weight fraction W remainafiggr thermal decomposition was
determined. For pure PEMA, this is denote@eWa (resp. Wic for nanocomposites). To
correct for the small amount of incombustibles presn the pure PEMA (\AEma Of the order

of 2%), the silica fraction in nanocomposites watednined by:

_ Wnc — WpeMa(1-PN)
(Dsi - _ — - — _ — (l)
(Wnc—WpeMa (1—@N))/psi + (1-Wnc—Wpema(1-PN)))/PPEMA)

The @4 values determined by TGA were in good agreemettit thie nominal volume fraction
@y as deduced from the polymer and silica weight usdbe preparation. Only the nominal

silica volume fractions will be given throughoutstlarticle (bsj = @ ). The glass-transition



temperature of the PEMA composites did not show siggificant variation with the silica
fraction, in agreement with Moll et & in this concentration range.

Rheology: The rheological response in the linear regime afocamposites was obtained
with a stress-controlled rheometer AR2000, usetthénstrain-controlled mode in plate—plate
geometry (20 mm diameter). Isothermal frequencyepsat fixed low deformation level €
0.2%) were performed in the temperature range £60fC to 180°C. Using the principle of
time—temperature superposition, master curves efstbrage modulus,'@®), and the loss
modulus, G(w), were constructed at a reference temperatureB0fCL based on frequency
sweeps between = 0.01 and 600 rad/s. In order to evaluate thisstal relevance of the
results, five identical samples for both the ma#mnd 10% nanocomposites were formulated
independently and characterized in rheology. Therdyars for the moduli are about 18%
with 95% confidence intervals, which is comparafoleéhe symbol size and thus rather low
with respect to the many orders of magnitude cal/éng G’ and G”. The horizontal shift
factors, &, obtained from the master curve construction werefound to evolve from the
matrix to the highest silica fraction for the thmeasses. Their evolution with the inverse of
temperature can be well described with the clabswaliams—-Landel-Ferry (WLF)
equatiori® using the PEMA coefficients from ref. (C, = 6.3 and €= 184 K at our reference
temperature, see Sl). It means that the temperatependence of the relaxation process
probed here is not significantly modified by theraguction of filler, in spite of strong
variation of the Gand @G shapes. Such behavior was already observed iliteregure for
nanocomposite systems.

Structural analysis of nanocomposites: Samples for TEM were prepared by immersing a
thin strip of sample in an epoxy resin (EPON 81&) auring it at 60°C for 72h. After resin
polymerization, sections with a nominal thickne§§® nm were cut with an ultramicrotome
(Leica Ultracut) and placed on TEM grids (Formvarbomn-coated Cu grids, EMS). Slices
were observed with a 1200EX2 Jeol TEM at 100 kVades were captured with a Quemesa
SIS Olympus numerical camera equipped with an 1ix®1® CCD detector. Representative
images as those shown in this article were obtamigdd a 20 000 magnification. For the 1%
nanocomposites, image analysis was performed ol B@fhnification pictures in order to
achieve better statistics via observation of a érigilumber of aggregates. The grain analysis
tool of Gwyddion Software was used to identify gkca NPs by intensity thresholding, and
to determine the distribution of polymer-free areasupied by aggregates. The resolution of
the images is 200 dpi (magn. 20000, pixel size 89272 nn3) for the TEM data shown in
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this article. Images used for quantitative analg$immany aggregates have a pixel size of 4.5
x 4.5 nnf). An average NP covers ca. 27 pixels, or abouixélpin diameter, which gives us
an errorbar estimate of £1 pixel, or a maximum afat 30% of a single NP area. Due to the
measurement of many NPs, the error in aggregationber associated with the precision of
the TEM pictures is probably a factor of ten lowex, ca 3%. Small angle X-ray scattering
(SAXS) was performed on beamline ID2 at the Europ8snchrotron Radiation Facility
(ESRF, Grenoble FR) at a wavelength of 1 A withample to detector distance of 2.5 m,
yielding a total g-range from 0.001 to 0.15*AThe scattering cross section per unit sample
volume &/dQ (in cmt) — which we term scattered intensity 1(q) — wasasted by using
standard procedures including background subtraeiia calibration given by ESRF.

Monte Carlo simulations of intra-aggregate structure factors: The scattered intensity of
an isotropically averaged single aggregate com@ihkggidentical nanoparticles is given by
the product of the form factor P(q) and the inmgragate structure factor.s(q). 3’ The
former represents the scattering from individuahesps, whereas the latter expresses the
Fourier transform of the positional correlationstioé NPs in an aggregate. The isotropically
averaged contribution to the partial structuredactue to two spherically symmetric beads
can be calculated using the Debye forniflla

_ sin(q(rj—ri))
Sij(q) = P (2a)
where rand y are the bead positions (center of mass). Sumntliegratributions gives
2 N,
Sintra (@) = 1+ 5= (@) (2b)

where Ngyq is the number of beads per aggregate. ObvioussliofiSqwa(d) are Ngg at low g,
and one at high q. The detailed positions of thes NBed to be fixed by some aggregate
construction algorithm. Here, we simply aggregéte ligqg nanoparticles randomly starting
with a seed particle and sticking one NP afteratier to the growing aggregate, on a random
position, provided that there is no collision. Ntitat additional NPs are thus added on any
point at the surface of any previously positioneB Nf the aggregate, thereby possibly
creating branches. Moreover, the only input for steicture factor in eq. (2a) being the
distance, it is not even necessary for NPs to peltgically connected, as close interparticle
distances may also occur without sticking in thedaam aggregation process. In the absence
of any a priori knowledge on the mechanisms of eggge construction, only connectivity
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(via the minimum distance between NPs, definedhieyr excluded volume) andapy are thus
imposed. Two features of,& are thereby constrained: the low-q value @gf-$lescribing the
total mass of the aggregate, and the positioneoNfR-NP correlation peak.

Adding polydispersityin size for the nanoparticles requires to weigidperly each partial
correlation by the proper mass, i.e. usin@Pand Kq), and the use of a simple product
(PxSira) is No more valid®®. In the case of assemblies of N independent agtgsdi.e.,
measured at high dilution) of differentdy the total scattered intensity is given by a wesgh
average and read

D Ap® &
(@) =—2=— > > VV;{/Rla)p(ds ()

Vsitotal N i j=L (3)
where \f and V are the corresponding silica volumes of the N&sd j. In eq. (3), the first
sum runs over the total number of aggregates Nreltvee used the distribution function in
Nagg Obtained from the electron microscopy. The averg@@um accounts correctly for the
contributions of aggregates of different mass, waitetronger weight for bigger aggregates.
One may note that using the monodisperse versgpr(2e), has been tried out initially. This
amounts to taking into account the distributioncehter-to-center distances introduced by
polydispersity, but not the weighting. It was shotkat for our low polydispersity samples
(o = 11%) this estimation was acceptable for the logeattering, but induced clearly visible

artefacts in the region of the form factor osatias, i.e. at rather low intensities.

3. RESULTS

3.1  Nanocomposite structure

The structure of the silica NPs in the PEMA-nanoposites has been studied as a function of
silica volume fraction ®s; = 1, 3, 10%v) and matrix chain mass (20, 50, 1§0nkl, see
Table 1) by TEM. Representative results are shawirigure 1. Quantitative analysis as
described below has been performed on severalrpgtat six times lower magnification.
From the different apparent silica densities, salifference in the real thickness of the slices
can be deduced. For 1%v samples, the thicknes®#207nm. At 10%v, the thickness
decreases from about 110+10 nm for PEMAZ20 to ca56%n for PEMAS0 and PEMA160.



PEMA20

PEMAS0

PEMA160

Figure 1: TEM images of nanocomposites made with PEMA20 (ufipe), PEMA50 (intermediate
line) and PEMA160 (lower line), at three silica wole fractions: 1%v (left), 3%v (center) and 10%v
(right). In spite of a fixed nominal thickness bktslices (70 nm), some variations are observed as
discussed in the text. White horizontal bars inrilght column of images indicate the characteristic
size measured for 10% nanocomposites by SAXS.

The influence of silica volume fraction is read#gen by comparing the three columns in
Figure 1. For 1%v, shown in the left column, thetwaajority of NPs are well-dispersed, i.e.
individually or in small aggregates at all polynmasses. Judging from the absence of any
aggregate in the lowest image (160 kg/mol), theelision is best at the highest mass. At
3%y, in the series shown in the column in the n@dthe beginning of network formation is
observed. At 20 kg/mol, thick and lengthy aggregatee visible, but these branches do not
form a percolating network yet. Due to the heternggeis distribution, it is difficult to
estimate the lateral branch size, but a typical Imemof two to four NPs, corresponding to 60
to 120 nm, can be put forward. At 50 kg/mol, anchikirly at 160 kg/mol, much less
aggregation is evidenced: branches become thimfaypical lateral dimension one or two
NPs, and break-up into shorter aggregates. Thugogt the higher mass moves the system
away from percolation. At the highest silica volufingction of 10%v, finally, in the TEM
pictures shown in the right-hand column in Figurealthick network is found at the low
polymer mass of 20 kg/mol. The typical silica netkvmesh size is difficult to estimate from



the TEM pictures, but from the typical width of tedica-free holes or channels it is seen to
be around 150 nm. This value can be compared tondsh size extracted from the SAXS
measurements below, and the corresponding sizes Isaperimposed in Figure 1. A thinner
network is observed at 50 kg/mol, with the samactipholes and thus approximate silica
mesh size. At the highest mass of 160 kg/mol, tresence of still many individual NPs
together with polymer channels indicates that @asihetwork is under formation, of again
roughly the same typical mesh size as with lowessaa. Summarizing the visual inspection
of the TEM-pictures shown in Figure 1, (i) an irase in silica volume fraction favors the
formation of a network. (i) For a given silica ammtration, samples appear to be better
dispersed in nanocomposites made with higher palynasses.

Using image analysis, it is possible to quantifg #xtent of aggregation, at least for the
lowest volume fraction, where individual aggregatesl NPs are easily recognized. Two
procedures were used to estimate minimum and mawiralues for the number of NPs per
aggregate, respectively.)N"" and Nygg"® The hypothesis for the )" calculation is that

the number of superimposing projections of NPshim ilane of observation is negligible at
low volume fractions and the whole silica aggregsteontained in the TEM sample slice of
thickness e. Hence ™" can be calculated dividing the area occupied bigasilnside
aggregates 4g by the average area occupied by one silica naticgaAs; as determined

from the NP log-normal size distribution given lretmaterials section:

A,
NI = @

si

Note that an estimate of the aggregation numbeedas numerical simulations of fractal
aggregates has been propo$fdand applied in the literatur2 The local silica volume
fraction inside aggregates, which defines the cartpak, can be estimated for each
aggregate from TEM images by dividing the obsersi#ida volume by the aggregate volume
in the slice. Each such aggregate volume was cldilby multiplying the sample slice
thickness e with the observed surface arBay’, where the radius B, is the one of the
smallest disc in which the aggregate can be coadain

TEM = NETQE VSi (5)

2
en Ry,

K
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Vs denotes the average NP volume. For very smallegggion numbers = 1 and 2, the
compacity was set to its geometrical value of 1G0% 25%, respectively. For""> 3, we
have determined the average ok€r™ for hundreds of aggregates in pictures with typjcal
10 000 NPs, giving on averagé=" = 10% for the three polymer masses. This value ds we
as its evolution with aggregate size will be conmgpato the simulation results later in this

article.

Figure 2: Schematic representation of silica NP aggregat@&M slice. Solid NPs in the film
thickness e are observed by TEM and defing &d Ngg™. Empty NPs have been estimated to be
part of the initial aggregate but removed throubk tutting procedure. They contribute to the
estimation of Ngg"™ as explained in the text.

Aggregates may have been cut during slicing, anccaveuse this compaciy™ and the

max.

observed 2D-size fto estimate the aggregation number before slid\agy ™

4 3 TEM
— TR, K

max — 3
Nagg - V— (6)

Si

Here, we assume that the observed 2D-size is wmaEs/e of the initial 3D-size of
aggregates before slicing, as illustrated in Figuré&he limitation due to the two-dimensional
projection of three-dimensional aggregates is almithere is no reason for aggregates to be
of spherical symmetry, and therefore the diamefagg2rs determined from the projection is
only an estimation lying somewhere between the mahiand the maximal extension of the
aggregates. The aggregates were automatically ifiéentin low magnification pictures
(x3000) displaying more than 5000 objects, usingitiensity threshold tool of Gwyddion

software. Aggand Rggwere calculated using the grain analysis toohefdoftware.

Note that the aggregation numbers defined by &jsarn(d (6) are approximations of the real
ones, due to the use of the average particle ast@ad of the individual ones. For the same
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reason, fractional values of aggregation numbers loa obtained. Therefore, a binning
operation into integer values of the aggregatiommiper was performed on the,dy
distributions. This was necessary for the quanteéatross-check between direct-space (TEM)
and reciprocal space (SAXS) which we will develadol, using the integer distribution as
input for the Monte Carlo simulations. The restitsthe distribution § of Nagg™ and Nigg"™
are shown in Figure 3, for the lowest silica volufrextion (1%v), and the three different
polymer masses.sifNagg is the fraction of NPs present in the form of @ggtes of

aggregation numberg}

0.1t

fsi(Nag()

0.01}

0.001

Figure 3: Distribution of Ngg™ (empty symbolsandN™* (full symbols)obtained from the image
analysis of 1%v nanocomposites of different matrdecular weight.

The distributions of the aggregation numbers showigure 3 show that the overwhelming
majority of the NPs is present individually or imetform of very small aggregates. At 160
kg/mol, e.g., about 80% of all NPs are single bedts fraction decreases to between 20 and
40% for lower masses. A tail up to largggiNs evidenced for the lowest chain masses, which
can be roughly described by aagN power law. The decrease is much stronger for
PEMAL60, where the power law exponent approacheSuéh a steep power law leads to the
virtual absence of any aggregates having more tgrateads in this TEM analysis. As a last
comment, one may note the linear increase of tsigilglition at high By It corresponds to
big aggregates existing only once, and their cbation increases with their mass. Given the
low fraction of NPs involved in these aggregatéss increase is an artefact caused by the
limited sample size, 2% of ca. 15000 NPs counteagitbe order of the highest.fy
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We have combined the direct-space analysis by THiM S8AXS experiments. In reciprocal
space, scattering experiments give a signal cavredipg to the structure averaged over large
sample areas. The latter are given by the X-raynbsze (typically 10um), as compared to
the small piece of matter focused on in an electn@roscope. Also, in SAXS, complete and
unperturbed three-dimensional aggregates are adxke@ne of the drawbacks of SAXS is
that data analysis is much more involved, but presinformation can be extracted as we will
see now. The reduced intensities g/ of the series with PEMA20, PEMAS50, and
PEMA160, are plotted in Figure 4, with clear featurFirst, the high-q data show the same
form factor oscillations as expected for identis#ica NPs in all samples, minor deviations
being due to matrix contributions as discussedvbe®Becondly, a different organization is
measured in the low-g range in Figures 4a to 4erdthe reduced low-q intensity is seen to
be highest for the smallest silica volume fracti@®ov), which we interpret as the form factor
scattering of independent aggregates at this hilgiticch. A Monte Carlo analysis of this
average form factor based on theggfdlistribution of the TEM pictures will be proposed
below for the 1%v series. As the volume fractioninsreased, the interactions between
aggregates induce a depression of the low-q intensdicating structuring of the aggregates
in space due to repulsive interactions, and thergenee of a peak at intermediate wave

vectors.
10 [, ' i T ]
a) 20k ., c) 160k
P . I
\% 16 L
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Figure 4: Reduced SAXS scattered intensity I(eg/as a function of wave vector q of (a) PEMA20,
(b) PEMAS0, and (c) PEMA160 nanocomposites befoatrix subtraction. In the inset: comparison
of absolute intensities of a nanocomposite (50 kg/1Pov) and its matrix.

A technical point concerns the subtraction of thespmatrix background. One sees in any of
the graphs in Figure 4 that the matrix has the nmoportant relative influence at the lowest
®g (not overlapping in the high-q range). An examiglsshown in the inset of Figure 4b.

There the intensity I(q) of PEMA50-1% nanocompasite compared to its pure matrix
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intensity. The latter is found to be a monotonoutgreasing function with g, reaching high
enough intensities at low q to cross the 1%v-nampusite intensity around 3 $A*. This
illustrates the fact that the matrix properties radig upon addition of silica, possibly
modifying large-scale heterogeneities, and forcetasintroduce a low-q cut-off for a
guantitative analysis of the data. Our procedute subtract a weighted matrix intensity such
that the form factor oscillations of the NPs altabtraction — which correspond to the shape
of the inorganic beads and are thus unaffectedrlyynaanipulation — are identical to the
independently measured pure form factor given @3h We then ignore any intensity values

below the cut-off. All data from Figure 5 on havedergone this procedure.

In Figure 5a, the same scattering data as in Fsgdiaec is regrouped for 10%v of silica in a
single plot, after background subtraction. It abofwllowing the characteristic distance of the
silica network as given by the peak position g*.r@uerpretation of the scattering data is
suggested by the TEM-pictures, where network-likectures are found. First of all, there is
an identical power law signature at intermediatgles) with [ = 2.5 £ 0.05, which speaks in

favor of aggregation. As the aggregates are coratedt by increasing the silica volume
fraction, they are pushed together, and at somge st@e typical inter-aggregate distance
becomes smaller than the size of the aggregatek,jna@rpenetrated aggregates form the

network visible in the TEM pictures.
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Figure 5: (a) Reduced SAXS-intensities of 10%v-nanocomposigh 20, 50 and 160 kg/mol
matrices. Arrows indicate the peak position g*. ilica mesh size d* =1#g* for different chain
masses, before (NA) and after annealing.
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In the scattering in Figure 5a, the peak posit®round to shift to higher g-vectors with
higher chain masses, indicating the formation aktwork of smaller characteristic distance
given by d*=2Z/q*. We identify this distance with the silica mesize, and it is reported for
the three chain masses in Figure 5b: d* is foundeorease with increasing chain mass, in
agreement with the general evolution observed guréi 1 towards a better dispersion at
higher mass. Also in Figure 5b, the silica mesk biegfore annealing (i.e., directly after film
formation) is reported for further discussion. Hinafor comparison with TEM, we have
superimposed bars of length d* in Figure 1 as deteed by SAXS. At 10%v, the higher the
mass, the smaller and lighter the silica meshes.

In the discussion of Figure 4, we have underlinbd fact that form factor scattering
describing aggregates is observed at low silicaceotnations. The difficulty is that the
observed intensity is an average over many difteirdependent aggregates, and it is
impossible without additional knowledge to decomteli(q) into its unknown contributions
from aggregates of different mass and shape franstattering alone. However, we have
guantitative estimations of the aggregation numdbistribution deduced from the TEM
observations as shown in Figure 3. We have thexe$et up a Monte Carlo simulation
scheme to account for the scattering of aggregdieging the experimentalapy distribution.

In Figure 6, we compare its predictions to the olesk intensities for 1%v-samples
(PEMAZ20, 50 and 160, same data as Figure 4, nolw batkground subtraction), i.e. only for
the highest dilution where structure factors duedorelations between aggregates can be
neglected. The experimental intensities after bamkgyd subtraction follow a power law with
D = 1.7 = 0.1 for the lower masses, indicative ofjragation and compatible with, e.g.,
diffusion limited cluster-cluster aggregatidh Comparison with the power law at 10%v
given in Figure 5a indicates that the apparenttdtadimension increases with silica

concentration, as already found by simulationsi’ 3 At the highest mass, the scattered
intensity shows a different, form factor-like belway which suggests good dispersion, in

agreement with the TEM picture.
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Figure 6: Comparison of experimental scattered intensitiég) lof 1%v-nanocomposites to
simulations based on the different experimentgly Nistributions as indicated in the legend. (a)
PEMAZ20, (b) PEMAS0, (c) PEMA160. The silica fornctar is also plotted (dotted line), as well as a
snapshot of a simulated aggregatgg N 40).

Due to our choice of the construction algorithmagfregates as explained in the methods
section, the simulated intensity in eq.(3) doeshae any free parameter. For each polymer
mass, the simulation has been run with the uppér@mer estimations for Ng i.e. Nigg
and Mggmi”, respectively. A first striking result of Figurei§ that both predictions do not
differ significantly in the relevant g-range. Ordy the lowest g-values, which are below the
experimental cut-off, a discrepancy is observedisltthus concluded that the range of
aggregation numbers is correctly given by, " and Ng "™ thereby validating our
guantitative analysis of the TEM pictures. A tedahti comment may be suited here.
Aggregation is generally related to an increasehef low-q intensity, accompanied by a
decreasewith respect to the form factor of the intermeehgt intensity. Both features are
visible in Figure 6. This decrease, known as theetation hole, is a direct consequence of
the excluded-volume correlations of neighboring #mes aggregated beads. Due to the cut-

off at low-q, aggregation is discussed here in geafnan intensity decrease.

Next, the agreement between the experimental iiesisand the calculated ones is
remarkable. For the lowest chain mass, the lowegease is correctly reproduced in Figure
6a, with only a slight mismatch below 0.02'AThis deviation indicates that the NP-NP
correlation hole is more pronounced in real sampidsich is probably due to a denser
assembly on this scale. The nanocomposite madeREMAS0 has a very similar scattering
signature, and is thus equally well fitted with tiso quite similar gdistribution. For the

highest mass, the scattered intensity is quitemifft. It follows the pure bead form factor at

low g, and this is again quantitatively reprodudsdthe model in Figure 6¢c. The overall
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agreement between the calculated curves and theziegntal intensities for the three masses
is due to three features. At the highest g, thenfdactor dominates the scattering. At
intermediate q, the local density and thus coot@dinanumber seems to be correctly
described by the aggregate construction proposed, la@d there is only little room for
improvement. At the lowest q, finally, the increaseintensity is related to the weighted
average of the mass of aggregates, as one canelé&dunc the low-q limit of the intra-
aggregate structure factor which igsgiN\for monodisperse distributions. To summarize, the
quantitative agreement observed in Figures 6a tosléows that the Ngdistributions
extracted from the TEM pictures are trustworthyd éinus that the 160 kg/mol samples are
significantly less aggregated than the shortemchreiss nanocomposites.

The difference in silica structure between low &@ 50 kg/mol) and high (160 kg/mol) mass
nanocomposites cannot be due to the drying stagagdwhich the latex beads keep their
colloidal character, irrespective of their interseucture and thus chain mass. It is therefore
conjectured that the differences are due to tHerdiit kinetics once the water is evaporated,
and we will come back to this point in the discassilt is instructive to compare the
structures directly after film formation, i.e. befcannealing, and after annealing. In Figure 7,
the 1%v-nanocomposite data for the three massesoanpared to their respective intensities

before annealing.
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Figure 7. Comparison of reduced experimental scattered sittes I(q)®s for the 1%v-
nanocomposites with and without (‘NA’) annealing fiifferent matrices (20, 50 and 160 kg/mol).

The experimental curves show interesting featutemtarmediate q as highlighted by the
dashed box in Figure 7. In this range, all sampkege the same structure before annealing,
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corresponding to individual dispersion of silicaalle (single nanoparticle form factor). It
evolves into a new structure after annealing, whihhe same for 20 and 50 kg/mol, as
already seen in Figures 6a and 6b, and differentPteMA160. For the low masses, the
structure evolves towards an aggregated stateeexs Isy the emergence of the correlation
hole (arrow in Figure 7). On the contrary, theraasstructural evolution during annealing of
the PEMA160, which keeps individual dispersion. Thgh intensities before annealing at
low q speak in favor of an initial distribution dPs around latex beads, introducing
correlations between NPs without close contacthis range, some differences between the
three masses occur. This is probably due to theHtatthere is always some annealing at the
end of the drying process. At high silica volumacfions, as discussed for the 10%v-
nanocomposites in Figure 5b, the evolution withemling is the same as with increasing
mass, it tends towards lower mesh sizes correspgrdibetter dispersion. It is possible that,

unlike at low concentration, the favorable silicBNPA interaction 3% **

explains this
behavior, see e.d. In conclusion of the effect of annealing, the e@mposite structure
starts from some structure directly after dryingne may imagine a few NPs gathered in a

random way around the latex beads — and evolvesetittly according to the matrix mass.

As a last point with structural analysis, the eipentally observed compacities ™"
determined using eq.(5) are compared to the coipaaf the model aggregates generated
by the simulation. In Figure 8, this comparisorsii®wn as a function of p, where each
point is an average over aggregates of samg Nhe experimental values are given as a
function of Nygg" note that choosing 4™ would not have changed the shape of the curve,
as the experimental compacities are more or lesspendent of aggregation number fegg\
larger than a few units. The decrease at very Iy il by continuity, as one starts from a
compacity of one for an individual bead. Altogethitre experimental compacities lie on a
plateau in the 8 to 12%-range. One may underlia¢ ith spite of the scattering of the data
points, this is a rather precise result. Averagdsudated over the functions shown in Figure 8
yield 8.4%, 11.0%, and 9.4% for chain mass 20, &) 0 kg/mol, respectively. This range
of compacities is not compatible with those calmdausing simple scaling laws € NaglP"
309y which assumes the same fractal dimension foreagdes of different size, see dotted
line in Figure 8. This fractal scaling induces amderestimation for high &, whereas for too
low aggregate sizes it overestimates the compadatgll cases, the simulation gives much

more realistic values (e.g., forafy = 2, the compacity is 25% by geometrical consiongt
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Incidentally, it is concluded that the experimegtabserved fractal dimension (SAXS) is an
apparent value over the aggregate distribution.

0.3 — e —
[ \
[ \ + 20k
I \ + 50k
; \ ® 160Kk ]
r \ *+ MC simulation 1
0.2F \ ]
[ \ ]
\ . b
N4 + \ 1
[ + .\‘. * ¢ - ]
oib  Pripeewdghs, ]
A R PR S Y T .
L _tq_ihg '_‘.-\ . o *
[ THEL o « ‘e f
i H Do allh
[ .~\.\.
0L 1 M| n
1 10 N 100

Figure 8: Comparison of compacity of simulated aggregatessges) wittk "= deduced from TEM
data following eq.(5), as a function of aggregatimmber Ny, (given by Ngg™ for the experimental
values). Dotted line is the calculated compacitipteing a fractal law (P= 1.7).

For simulations, the similar trend of decreasingipacity with increasing aggregate mass is
due to the same mechanism as with experiments. @&bggregation numbers of three, the
numerical values are slightly lower but in the saargge as the experimental ones, between 6
and 10%. This is surprisingly good as the simulatggregate compacity is defined a priori
by the aggregate construction algorithm, as owutlimethe methods section. This means that
real aggregates have a similar structure. It ogkasway of constructing aggregates with
higher local densities. One may also speculatettieat the mismatch in the g-region of the

correlation hole in Figure 6a and 6b could be pgsmounced.

3.2 Nanocomposite r heol ogy

The rheological properties of the silica-latex negraposites are a result of matrix properties
and their modification by the presence of silichefi It is therefore straightforward to
measure the matrix first, for the three differerdtrix chain masses 20, 50, and 160 kg/mol.
The master curves at 180°C for storage and losautnagla function of angular frequency are
shown in Figure 9. The curves display a power laloa frequencies, ideally given top 2

andw, for G’ and G”, respectively. For G’ we find anpmnent of 1.5+0.2, suggesting the
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presence of some remaining relaxation processeablenexperimental frequency window,
presumably due to chain polydispersity. G” on thtker hand, is proportional t@, the
prefactor being the viscosity. In the case of thghést masses, the moduli cross at a
characteristic frequency, which is also the locattd a crossover to a plateau-like regime
(indicated by an arrow in Figure 9). Due to polyeissity in chain mass, G’ does not reach a
real plateau, but increases continuously. The oresspoint is shifted to higher frequencies
with smaller masses, and for the lowest mass tisen® more cross-over in this frequency
window. The cross-over position gives the typicalaxation time, which also sets the
viscosity. We have checked in Figure 9b that tlseasity of the system taken from the low-
frequency prefactor of G” is compatible with a povesv M** as expectedf.
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Figure 9: (a) Master curves for G’ (dots) and G” (crossesadanction of angular frequency at the
reference temperature of 180°C for PEMA20 (clearepl PEMAS0 (deep blue) and PEMA160
(black) matrices. (b) Viscosity extracted from the-frequency behavior of G” for the same matrices.

Note that the reference temperature for the cootbru of the master curve (180°C)
corresponds to the annealing temperature of nanpasies after film formation as described
in the materials section, and we thus concludéhenmpact of the chain mass on the possible
maturation of the films. Indeed, the characterisbtaxation time at this temperature is
increased by about three decades as the massaased from 20 to 160 kg/mol, causing an
identical increase in viscosity (Figure 9b), andstlon the capacity of the nanocomposite
structures to reorganize on the time-scale of threealing procedure, i.e. a week. Another
observation of the same change in rheology is @Giats always greater than G’ in the
frequency domain of observation for the PEMA20 matndicating a liquid behavior in this

frequency range, whereas the other two matricesgsssan elastic behavior in the plateau
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regime. These results thus suggest that the difese in structure as shown in Figure 1
between PEMA20, PEMAS50 and PEMA160 nanocomposiee la kinetic origin. As already
stated in the section on structure, our interpicetais that directly after film formation all
samples start with a similar dispersion reminisagnthe colloidal organization in solution.
As soon as the water is totally evaporated, theegysfirst relaxes local concentration
fluctuations, and then tends to evolve to a maapiscphase separation of the hydrophilic
silica from the hydrophobic matrix during annealifigis maturation process seems to occur
in spite of the favorable silica-PEMA interactiofis® It is slowed down by the viscosity of
the surrounding medium, i.e. the polymer matrixe Tasult is a succession of quenched silica
structures, which confer different rheological pedges to the final hanocomposites, as we

will investigate now.

The rheological properties of nanocomposites madé whe three matrices PEMAZ20,
PEMAS0, and PEMA160 and increasing amounts ofasilip to 10%v have been measured
over the same frequency domain as before. Thentmgkili show a small increase with silica
volume fraction below 10%v, and the apparition dbwa-frequency plateau at 10%v parallel
to G'. Therefore we concentrate here on the seoragduli G’, which are presented in Figure
10. All three plots show a common dependence obiiGthe silica volume fraction: at low
frequencies, the curves increase wdth, whereas they tend to a common plateau (within
error bars) at the highest frequencies. In agreénweith other studies of acrylate
reinforcement below percolatioh the reinforcement of the high frequency modutuguite
small and mainly driven by hydrodynamic reinforcemeStriking features are found for the
lowest molecular mass (Figure 10a), where the ti@avior of the pure matrix is modified
progressively at intermediate frequencies as siscadded. The shape of the additional
contribution suggests a process with fixed charstie time which is caused by the silica.
We will study this process in more detail below.o&b 5%v of silica, the system is gelled: at
10%v there is a constant G’ plateau in the lowdestcy part, followed by a minor increase to
a second plateau at high This suggests that the silica has percolatedutitrahe sample,
and that the percolation threshold is located betwd and 10%v. Such values are not
uncommon for reinforced system$ and reflect the existence of aggregates at lowncha

masses.

This observation is in line with our structural s, which showed the formation of thick

and lengthy (Figure 1) aggregates at 3%v. Sucheggges occupy a large volume as

compared to their silica content, and quantifiedhsy compacity. Indeed, as shown in Figure
21



8, we have found typically between 8 and 12%«ft at 1%v. It is difficult to evaluate this
guantity for higher volume fractions due to over#pNPs in the TEM pictures. As the total

TEM " aggregates are expected to touch and

volume fraction of aggregates is given @yi/k
interact at volume fractions below 10%v, and tthessystem approaches percolation at small

silica volume fractions as found by rheology.
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Figure 10: Master curves for the storage modulus G’ as a fonadf angular frequencgo at the
reference temperature of 180°C for (a) PEMA20,REMAS0, and (c) PEMA160 nanocomposites.
Black dots stand for matrices, blue empty dotslféw, green squares for 3%v, red diamonds for 5%v,
and orange triangles for 10%v-composites.

The rheology of nanocomposites made with PEMAS0 BE§A160 is less rich. In Figure
10b, one can still observe the onset of the sitoatribution at low frequencies as with
PEMAZ20: the modulus increases with;, but the process is not resolved neatly any more.
The obvious explanation is that the signal of thwaracteristic relaxation of the matrix
polymer has moved to lower frequencies, and theimebntribution dominates the signal.
For PEMA160, which had the longest relaxation tirttee total modulus is even more
dominated by the polymer contribution, and only aan (but clearly visible) silica
contribution can be observed at the lowest freggsnc

We now focus on the PEMA20 case shown in Figurevilare the silica contribution can be
clearly identified. It appears to be added on tbthe matrix contribution, which is why we
attempt to describe it as the sum of the known imatmtribution Granix and the unknown
silica contribution Gg;:

Gl(@) =G (03' (Dsi) + (1_ (Dsi) G atri (03) (7)
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We can then solve eq. (7) for the first term onrthes, G;. This process due to the silica is
highlighted at low frequencies, and correspondsata@haracteristic relaxation time of
approximately 1/0.05 rad/s = 20 s at 180°C for PEXAThe shape of the curves for different
silica volume fractions up to 5%v is the same, wedherefore decomposegdhto a volume
fraction independent function describing the sh&ie), and a frequency-independent
modulus gsi(Psj) describing the amplitude. The impact of the fafitection is also illustrated

by the arrow in Figure 10a.
G'si (0)' (Dsi) = S((D) g'si (q)si) (8)

where S@) is set to one ab = 0.001wny. The reference frequeneyr, is indicated in Figure
10. It has been set to the characteristic relardtine of each family of nanocomposites, and
depends thus on the polymer mass. The amplitudetiumg’si(®Ps;) is reported in Figure 11,
for both PEMA20 and PEMASO0. For the highest matsis, not possible any more to extract
this amplitude unambiguously. In the inset of Fggdd the shape function ®)is found to

superimpose nicely in the low-frequency part, sstjgg that it is the same process for all
low silica volume fractions.
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Figure 11: Evolution of the amplitude g(®g) of the filler contribution for PEMAZ20 (circles)nd

PEMAS0 (squares) nanocomposit€ése inset shows the shape superposition of filledui S) for
the three lower volume fractions of PEMAZ20.

The amplitude function g (®sj) in Figure 11 follows two different regimes. Up &bout

5%y, it follows a power law with exponent 1.6+0fé|]lowed by a much stronger increase
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compatible with an exponent between 9 and 10. Thgsover from one to the other regime is
naturally identified with the mechanical percolatiocof the hard silica filler in the
nanocomposites. Its exact position between 5 afdvli® unknown, however, given the
strong second slope, it is probably close to 5%glo® this threshold, aggregates are
individually dispersed, and do not form a percolgthard path across the sample. The
reinforcement in this regime can be understood yardadynamic reinforcement due to
aggregates, the volume fraction of which is giveym ®s/K. A possible scenario is
‘Einsteinian’ reinforcement of the form 1 + 2i&i/k “*°. In this view, the average aggregate
compacity has to decrease to produce the totadaser proportional t®s'®. As the fractal
dimension is found to increase with; (corresponding to denser aggregates at constas)t siz
this can only be fulfilled if the aggregate sizergases in this concentration range. This is
compatible with the observation of TEM pictureslabnd 3%v (Figure 1). An alternative
scenario would include higher order termsd{s?), but our measurements lack the precision

to distinguish between them.

After the percolation threshold, it is instructing compare the high exponent to those
predicted for colloidal gel® in the regime of strong links between aggregafasse models
apply to space-filling assemblies of fractal aggteg, predicting a variation of the modulus
proportional todsC™CP) where x is the fractal dimension of the loadyiag aggregate
backbone, and {s the fractal dimension of the entire aggregatée backbone being part of
the fractal, one expects x to be smaller thanM®reover, for dense fractals (i.es Between

2 and 3), one may postulate that x also approaEhese. strongly exceeds the limiting
connectivity given by Shih et al (x > 1). Using tlractal dimension estimated from SAXS
(Ds = 2.5£0.05, Fig.5a at 10%v), it is thus easily @@mable that x values are in the range of
2 to 2.5, making the prediction compatible with #erimentally measured exponent. In
conclusion, the crowding of silica aggregates attal dimension observed in our structural
investigation is compatible with the increase o 8ilica contribution to the modulus. The
latter follows a power law with exponent 1.6 beltwe percolation threshold of ca. 5%v, and
a second power law with a much greater exponentdset 9 and 10, in agreement with the
prediction by Shih et &F.
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4. DISCUSSION: IS STRUCTURE GOVERNED BY RHEOLOGICAL PROPERTIES,
OR VICE VERSA?

We have seen in the preceding sections that tlee §tructure of the nanocomposites is
governed by the mass of the polymer matrix chdihss dependency was traced back to the
different viscosities of the matrices, which vary &bout three orders of magnitude. The
structure is thus governed by the rheology of ffstesn during film formation and annealing.
We now propose a closer look on the possibilitiespatial rearrangement of filler particles in

their respective environment.

In Figure 12a, the square-root of the average mezprare displacement % = 6Dt of
nanoparticles is plotted as a function of time pressed as the number of days the sample is
annealed. The diffusion constant D is estimatet thie Stokes-Einstein equation (see &)g.
and depends on the matrix viscosity given in Figelbev<r>> thus defines a characteristic
diffusion length on the timescale of the anneafpimgcedure. It needs to be compared to the
displacement typically needed to rearrange NPsglwisi at least the first neighbor distance.
In a perfectly dispersed nanocomposite, this digtazan be estimated using a simple cubic
cell model for individual NPs, and its value is gvfor 1%v-nanocomposites in Figure 12a.
The result of this comparison can be read of tgaré: for low masses, even one day of
annealing (which may already take place duringititeal film formation once all water is
evaporated) is largely sufficient to induce reoigation. For PEMA160, however, even the
full week is hardly sufficient to allow for aggrdgm on larger scales if low collision
probabilities are taken into account. In this cahté is interesting to discuss the contribution
by Jia et al'’. They have followed aggregation as a function ofymer mass and
temperature, and propose a similar analysis basettie critical diffusion time for onset of
aggregation by collision (see al$). Differently from our experimental situation, the
system possesses two competing interactions, delgprashd collisions, which makes its

evolution more complex.
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Figure 12: (a) Characteristic distance covered by silicaiglag by diffusion in the different polymer
matrices during the annealing procedure as funafaimme. The horizontal dashed line indicates the
typical distance between filler particles in petfiedispersed 1%v-nanocomposites (cubic lattice). (
Evolution of Glgy at 0.016wy, as function of the silica mesh size d* found byXSAfor 10%v-
nanocomposites.

To summarize, Figure 12a supports our interpretaticat the matrix rheology triggers the
filler structure for the resulting nanocompositen turn, the rheology of the final
nanocomposites depends on structure. For the I@weomposites, this is evidenced by
the plot in Figure 12b of the storage modulusoézas a function of the silica mesh size d*
given in Figure 5b. For the sake of comparison ketwthe different matrices, we have again
based our evaluation on the typical relaxation destpy wm in Figure 10, and compared

moduli at 0.01&om, which corresponds to the lowest frequency avail&dni&EMAL60.

The three samples contain 10%v of silica and areofseted. In spite of this similarity, the
modulus is found to depend strongly on mesh siee pbwer law exponent being close to 7.
Note that looking at the reduced modulus (i.e.id#ig by the corresponding matrix modulus),
gives the same power-law exponent. One may addthleatange in d* is rather small, the
exact value of the exponent is thus subject toudision. There is no doubt, however, on the
strong dependence shown in Figure 12b. As a laspeaoison, it is interesting to confront it to
the prediction by Shih et &° according to which the modulus should decreas wi
increasing d* due to the formation of weaker (basealess dense) fractals, which is exactly
opposite to our evolution. Adapting their framewddk the present situation of constant
volume fraction is beyond the scope of this artidle obvious contribution, different from
the picture by Shih et al, comes from the thicknekshe fractal branches due to volume

conservation. Also, in our case there are moreviddal NPs in Figure 1 at high mass (small
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d*), which do not contribute to the branches. Tthesmodulus of branches increases with d*,
and so does the modulus of the percolated aggega®bserved in Figure 12b.

5.CONCLUSION

We have studied the structure and rheology ofasiiPs in PEMA-nanolatex matrices of
different chain mass. For all volume fractionshe tange from 1 to 10%v, the dispersion was
found to be best for the highest chain mass, wivieltirace back to the slowed-down kinetics
of spatial reorganization of silica in matrices ligher masses. While this is known in
solvent-cast systems, we have shown here thatsthisture-determining parameter works
also for silica-latex systems. For the low@st the structure was quantified by image analysis
of TEM pictures in terms of Ngdistribution functions. With the same techniqulee t
compacity of aggregates as a function of aggreqgestes was also determined, and found to
lie in the range from 8 to 12%, i.e., with a rath&h degree of precision. Using Monte Carlo
simulations of aggregate structure, it could bewshthat the distribution functions are fully
compatible with experimentally measured scatteradllsangle intensities. Coupling SAXS
with TEM and simulations thus validates the disttibn functions of aggregation numbers.
The simulations also predict similar compacitiesiween 6 and 10%, with a weak size
dependence for §§y > 5. Moreover, SAXS was used to follow the crovgdof aggregates
with silica volume fraction, up to 10%v, where netw structures — which are difficult to
disentangle in TEM — are found. Again, the highasiss leads to the smallest and lightest
networks, which has also the lowest modulus. Tle®Ildgy of the nanocomposites shows an
interesting feature at low frequencies. We havatifled the shape function (in the frequency
domain) of the silica contribution, and analyzed évolution of the corresponding amplitude
with volume fraction. Below a percolation thresholdca. 5%v, the modulus increases with ~
e,

d5, and much stronger®s°*° above it, in agreement with the prediction by Stila

To conclude, a detailed structural and rheologaelysis of a silica-latex nanocomposite
system is proposed, as a function of a parametdo upw not used in such systems, the
matrix chain mass. It is believed that both theiltesoffering a new control parameter, and
the coupling of techniques presented here will doate to the understanding of the

reinforcement effect in nanocomposites.
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