Silica Nanoparticles Dispersed in a Self-assembled Viscoelastic M atrix:

Structure, Rheology, and Comparison to Reinforced Elastomers
Nicolas Puech Serge Mora Grégoire Porte Isabelle Grillé, Ty Phod, Julian Oberdissé’

! Laboratoire des Colloides, Verres, et NanomatgrfaGVN), Université Montpellier Il, UMR CNRS 5587,
34095 Montpellier, France
2 Institut Laue-Langevin (ILL), 6, rue Jules HoromiBP 156, 38042 Grenoble, France
3 Laboratoire Léon Brillouin (LLB), CEA Saclay, UMR2, 91191 Gif-sur-Yvette, France

Revised Manuscript
5™ of September 2008
Abstract:

Model self-assembled networks of telechelic polyi@grPEO(35k)-Gg in water have been
studied. The rheology of such transient networks been investigated as a function of
polymer concentration, and a typical percolatiow |lhas been observed. The network
structure has been characterised by Small AngletrbieuScattering in BD, where the
interactions between micelles formed by the hydodynt G g-stickers of the polymer give rise
to a peak in the scattered intensity. These moel@larks have then been used as a matrix for
the incorporation of silica nanoparticles (R=10nmand we have checked individual
dispersion by scattering using contrast variatiime rheological response of the networks is
considerably modified by the presence of the sil@moparticles, and in particular an
interesting dependence of the relaxation time d¢inasconcentration has been found. The
analogy in reinforcement behaviour of such a sedeanbled, viscoelastic, and aqueous
system with model experiments of elastomers filleidh nanoparticles is discussed by
comparison to a silica-latex system.

I. Introduction

Reinforcement of elastomers with hard fillers i€@mmon procedure for optimization of
rheological or mechanical properti&& Many ways of incorporating the filler in the bulk
polymer exist, the most popular being mechanicatimgi Other, usually more complex
routes are in situ filler synthests® or polymerization around the filler particfés. It is
commonly admitted that mechanical reinforcementedep on the state of dispersion of the
filler particles, as well as on the interactiongween the polymer matrix and the filler
particles. The problem in many experimental systessales in the fact that the dispersion of
the nanoparticles is not a freely tuneable propenrtyich impedes a detailed analysis of its
contribution to reinforcement. Moreover, differefiiter surface treatments give not only
different matrix-particle interactions, but alsdfelient particle dispersions.

As a first step of a systematic study of the raicément of elastic matrices, we have
developed a silica-latex model system where thpedsson state of nanoparticles could be
tuned with very little changes of the interfaciahtribution***, This motivated research on
different systems, where the interfacial contribatcould be maintained at a constant level.
Hydrogels may have this property, if the particdeés hydrophilic and stable, which is why
work on silica-filled oil-in-water microemulsion tveorks has been undertakeén Such
networks are made of microemulsion droplets stadalliby a surfactant and bridged by a
triblock copolymer with hydrophobic end-groups edlitelechelic polymer, which sometimes
micellizes also in absence of surfactdt’. Very recently, networks of connected wormlike
micelles have also attracted interést® In the case of the microemulsion networks, the



interfacial contribution, however, was not foundo®zero, due to weak attractive interactions
between the surfactant molecules and the silamoipgr on the silica surface

In this paper, a study of a pure (surfactant-fre#lock-copolymer system in water is
presented, and its reinforcement properties byiddally-dispersed silica nanopatrticles are
discussed in analogy with the silica-latex syst&éhe experimental systems and methods are
presented in section Il, and we discuss experirheggalts concerning structure and rheology
of filled telechelic hydrogels in section Ill, ancdompare them to model silica-latex
elastomers, before concluding in section IV.

II. Modd systems and experimental methods

I1.1 Silica-latex nanocomposites: Here we describe the experimental setup already use
previous work™. An aqueous colloidal solution of a hydrophobiteyacarrying a shell of
ionisable groups of methacrylic acid for electrtstatabilisation is mixed with a colloidal
solution of silica particles. Due to the methaadicid, the latex particles carry a negative
electric charge at high pH, as do the silica pkdicDue to the presence of the ionisable
groups, and to the silanol groups on the silicéaserwhich have the same function of charge
stabilisation, the structure of these solutiongHis and electrolyte responsive. In practice, the
silica nanoparticles (B30, R 10 nm) were incorporated in a latex matrix contan
poly(methyl methacrylate) and poly(butyl acrylate) such proportions that the glass
transition temperature was set to 33°C. The initdius of the latex particles was R = 14 nm.

I1.2 Silica-telechelic hydrogels: Synthesis of the triblock copolymer GHCH,)1-NH-CO-
O-(CHy-CHy-0),-CO-NH-(CH,)1~CHs has been described elsewh&e® Here we study a
35k-poly(ethylene oxide) chain which has a hydrdpboCg-sticker at each extremity,
connected through a urethane group. The radiugratign of the PEO-block is about 80 A.
Bindzil silica (B30/220, 30% wt) suspended in wates a gift from Akzo Nobel. The pH of
the delivered stock solutions was set between 91énith order to ensure maximal colloidal
stability to the silica by electrostatic repulsigxl silica-containing samples have thus been
prepared at pH 10, all others at pH 7. The ordeniaing of the components is of importance
due to the high viscosity of the telechelic polymeetworks. First we have prepared the
sample containing silica nanoparticules and finally add the telechelic copolymer. Two
different batches have been used for the data sio®igure 3 and all other plots.

11.3 Rheology: (a) Oscillatory shear experiments: Storage asd fooduli were determined
as a function otw in the linear regime (low amplitudeg,= 10%), and we have checked
linearity up to 20%. As with the data presentedha literature, G’ and G” of telechelic
polymer networks show essentially Maxwellian bebavi i.e. they can be characterized by a
modulus G and a single relaxation time. Minor deeress from Maxwellian behavior are
discussed later in the articl¢b) Stretching: The mechanical properties of silatax
nanocomposites have been tested by uniaxial sitess-isotherms. The reference case for
the mechanical tests was given by the stress-sgatherms of the pure latex films. These
were found to depend strongly on pH, which is wingy teinforcement factor presentation was
chosen to highlight the filler contribution to thstress. This presentation consists in
normalising at each deformation the nanocompogitess by the stress of the pure latex
sample at the same pl(A)/OedA). It thus answers the question, how much stronger t
composite with respect to its own matrix is.



I1.4 Small Angle Neutron Scattering (SANS): Scattering experiments have been performed
on beamline PACE at LLB (Saclay) and on the beanidll at ILL (Grenoble). The
configurations were (1m and 4.68 m at 6A; 4.68 m3#) at LLB and (1.2m, 5m, 20m at 6A;
34m at 10 A) at ILL. Samples have been prepardd,d, small quantities of 0 from the
silica stock solution have been accounted for endhlculation of the solvent scattering length
densities. Empty cell scattering has been subttacéed detector efficiency has been
corrected as usual with light water. Data were radzed either by an empty beam
measurement (LLB), or by using beamline constaetsrchined from standards (ILL). The
incoherent background substraction was performed by

comparing to Porod scattering expected for smautrfaces.

I1. Results
[11.1 Silica-latex nanocomposites

Several papers have been published on the siliea-faodel system, and in particular on the
structure of the silica in this particular polynmeatrix ** **. For the sake of comparison with
the hydrogel system, important results are recalletiput into perspective.

The structure of the silica nanoparticles in thdrimaesults from the colloidal interactions,
mainly electrostatics and Van der Waals, in sotutiefore film formation. Experimentally,
the structure is accessible by Small Angle Scattere.g. of neutrons, which essentially see a
binary contrast between particles and matrix. Tdatering signal can then be decomposed in
a form and structure factor contribution, where tfeem factor can be measured
independently using highly dilute silica stock smos. The scattering experiment allows thus
to access directly the structure factor, whichathimg but the Fourier transform of the pair
correlation functions of the silica particles. Dletd analysis of the scattering data has been
performed in the past, and the following, simplified picture was founal be compatible
with the scattering experiment: Silica particlesyiah interact mainly through electrostatic
repulsion, carry more electrostatic charges atdrigi in solution. This mechanism leads to
a better dispersion of the nanoparticles in thgmel matrix, i.e. less aggregation, at high pH
of the precursor solution. At lower pH (down to #je particles tend to aggregate in clusters
of several thousands, which leads to very stromgdad scattering. At intermediate solution
pH, around 7, particles aggregate in clusters pf@pmately one hundred, but the remaining
repulsion between particles induces a strong lifjlel ordering of the clusters within the
matrix. This leads to a characteristic peak in gesp the position of which can be used to
estimate the average aggregation number with gosxgpon; in any event, such a structure is
compatible with the scattering data, as shown byeRe Monte Carlo simulatioia

In Figure 1, the mechanical response of the siatax nanocomposites is plotted as a
function of elongationA = L/L,, where L and L are sample length and initial length,
respectively. This data has been already repormecef. **. The mechanical response is
expressed in terms of the reinforcement factoraiabtl by dividing the stress of the
nanocomposite by the stress of the pure matrix naaddentical pH0/0jaex. The samples
chosen contain all 5%v of silica nanoparticles, thet preparation pH has been varied (about
4, 7, 9, called ‘acid’, ‘neutral’, and ‘basic’). €haggregation numbers indicated in the plot
have been determined from the peak positions ofsttadtered intensities. It is clear from
Figure 1, that the reinforcement factor, whichstels how much stronger the nanocomposite
is with respect to the pure matrix, depends storgt the state of dispersion of the



nanopatrticles. In particular, higher aggregaticad&to considerably stronger reinforcement,
especially at low\ where Young’'s modulus is probed.

At higher deformations, the reinforcement factocrédases in all cases, but stays still superior
in the case of the low-pH samples. A simple intetgtion of thisA-dependence is that big
aggregates contribute strongly to reinforcement] toat they break up under deformation,
thereby reducing the reinforcement factor of theposites®®. At large deformation, finally,
only small aggregates and potentially slightly eliént interfacial interactions contribute to
the reinforcement.

This analysis of the reinforcement factor emphasighe fact that in silica-latex
nanocomposites the contribution of the interfac# isot constant, at least negligible with
respect to the contribution of the structure orapamticle dispersion. On the other hand, the
dominant influence of the structure is clearly bigsj as smaller aggregates contribute less to
the reinforcement. Such considerations have meiivéihe study of a completely different
system, based on water-soluble polymer networkcttres, where it was thought that the
nanoparticles can be individually dispersed ingblent, with little or no interaction with the
polymer. As indicated in the introduction, a fisystem, based on a microemulsion connected
with telechelic polymer, has proven to interacthwiite silica due to formation of surfactant
micelles on the silica surfacd In this paper, we present new experimental evidenor a
surfactant-free transient network system. It digplenteresting rheological properties, which
are further enhanced by addition of silica nanoglas.

[11.2 Silica-telechelic hydrogels

The phase behaviour of telechelic copolymesREO(35k)-Gs in water has been studied at
22°C. In Figure 2, the system is seen to phaseaepat low volume fractions, and to present
a homogeneous phase abowg = 2.5%. This homogeneous phase is transparent and
colourless, and upon simple visual inspection \et&stic properties are found. Note that in
microemulsion systems, a fluid monophasic domaindenaf ‘flowers’ (unconnected
copolymer micelles) is usually found at very lomume fractions®’, but this was not the
scope of the present study. If we add silica narimpes in agueous solution, at a fixed
polymer volume fraction ofb, = 3% and at a pH of the mixture of 10 to ensuneoparticle
dispersion, the system stays monophasic up toasu@ume fractions ofbg = 8%, and
flocculates above. We have determined typical saresb distances by Small Angle Neutron
Scattering, cf. below, and in Figure 2 the resiilthis analysis is sketched on the right-hand
side. The dense transient network of the copolymemnade of rather small hydrophobic
domains (the nodes), connected by the PEO-chaihe. dilica particles, although of
nanometric size (R = 100 A), are embedded in tlEsvark, and positioned at typical
distances of 400 A.

The rheological properties of the pure copolymetvoek in water have been studied as a
function of polymer volume fractio®, in the monophasic region (cf. Fig. 2) by small
amplitude oscillatory shear experiments and flowves o(y). The oscillatory shear

experiments, performed in the linear domain=(1 - 300 rad S, y = 10%), give access to G’
and G”, whereas the flow curves yield the viscpsgit A Maxwell model was fitted to G’ and
G"(w), giving the plateau modulus G and the relaxatiore T, cf. ref. * for details. The
main results are summarized in a single plot asnation of polymer volume fractio®, in
Figure 3. The outcome of the two experiments, taoily shear and flow, is coherent within



errorbars, as the viscosity of a Maxwell fluid iscagiven byn = G 1. Unlike the treatment in
terms of a percolation model suitable for the cates microemulsion model, the existence
of a phase separation does not allow us to useamebdel over the complete concentration
range. We have nonetheless tempted a percolation the modulus, the relaxation time, and
the viscosity, and obtain the following equations:

G = 2200 Pa [p,-0.02)/0.02}°
1=0.022 s [, - 0.02)/0.02]° (1)
n= 60 Pas [P, - 0.02)/0.02}%*

The critical value characterizing the onset of pkion in polymer volume fraction, 0.02, is
found to be identical for all three quantitiesisltocated within the two-phase region, which is
expected given that the monophasic region has rgglepties up to the phase boundary. The
prefactors and the exponent satisfy the relatignébr Maxwell fluids quite well, as the
product of the prefactors of modulus and relaxatiome is comparable to the one of the
viscosity, and the exponents add up. For furthergarison, keep in mind that the data in Fig.
3 have been obtained with a different polymer babct all observed tendencies are robust.

The changes in the rheological properties of th@obener network a®, = 3% upon addition
of silica nanoparticles have been measured follgwire same experimental protocol. As it
will be shown below, the network still shows a doanmt single relaxation time, with a minor
second contribution in presence of silica. We haes fitted G’ and G”(v) as before, and in
Figure 4 the resulting modulus G is plotted as action of silica volume fraction. The
modulus is found to increase by about 30% in theeoled range, and a linear fit gives G =
2300 Pa (1 + 5.@y).

In Figure 5, the relaxation time determined through the Maxwell fit is representesda
function of silica content. This quantity is foutwincrease considerably, by more than 50%
in the observed range, and a linear fit gives0.02 s (1 ). Such a behaviour is striking.
In particular, we have previously observed in dllenicroemulsion networks that the
relaxation time decreases with silica volume fi@tti proportional to (1-®s). The
interpretation of this peculiar behaviour is unclea the moment, and probably related to
differences in the microstructure. The PEO chairag fimteract through hydrogen bonding
with the negatively charged silica surface (high.pFhe energetic barrier, however, would be
of the order of kT for one such bond, thus very lkm#h respect to the energy necessary to
pull out a Gg-sticker out of a hydrophobic domain. An alternataxplanation might be that
the silica particles sterically hinder reorganigatiof the polymer molecules, and thus
relaxation. In other words, a sticker leaving a etiec might not be able to reach another
micelle, and might return to its original statestfess. To solve this issue, experiments as a
function of temperature might give further hints thve physical origin of the slow down of
this relaxation mode.

Due to the growth in both G ang the viscosity increases even more with silicauxc
fraction. This is shown in Figure 6, where the ekpental viscosity is plotted in reduced
units (“reinforcement factor”) as a function dfs. This representation allows a direct
comparison to the Einstein prediction (1+ @5 *. The experimental data indicates a much
stronger ®g-dependence, clearly incompatible with the purejgrbdynamic Einsteinian



reinforcement. On may wonder if this is due to éhectrostatic interactions between silica
particles in solution. In a control experiment, hneve measured the viscosity of pure silica
solutions at the same pH (10), and the fit to tat is shown in Figure 6 (dotted line) for
comparison. Given the much stronger rheologicgbarse of the filled copolymer network,
with a viscosity reinforcement of more than a facibtwo, one can again only speculate on
the physical origin of this effect.

We now come back to the existence of a secondattaxtime in the silica-filled copolymer
network. Experimental evidence is plotted in Figdrevhere G’ and G'@) with and without
silica filler are compared. In the pure copolymetwork, the Maxwellian fit is satisfactory,
whereas a mismatch at low frequencies was obsemvébet silica-filled system. For the sake
of clarity, only the calculation for G¥:=0.0654, single mode) is shown in Figure 7 as
illustration of the mismatch (solid line). G’ and’ &r both systems have been fitted with a
model expression with two relaxation times (dotieds), and thus four parameters in total,
all given in the figure caption. The correspondifitgis seen to be much better at low
frequencies, for all data, although essentiallygame relaxation times were used for the fits
(0.2 s and 0.032 s). Note that due to the weakofebe effect, the choice of the parameters of
the slower mode is not unambiguous, and severglles G, 12) may be found. They all
have in common, however, thag 6 much smaller than ;Gandt, much larger tham;. It is
also clear from these parameters (loy) tBat the silica-free network does not need ars&co
mode for a proper description.

As indicated in Figure 2, we have quantitative infation on the structure of the telechelic
gel filled with silica nanoparticles. We start withe structure of the pure hydrogel at a
copolymer volume fraction ofb, = 2% in DO. The change in solvent is necessary to
highlight the polymer in Small Angle Neutron Scattg. As usual, it slightly shifts the phase
boundaries, and the 2% sample igODwas monophasic and in a gel state. In Figur&e, t
scattering cross section I(q) is plotted as a fonabf wavevector g. Three different scattering
regimes are found. At low g, the intensity decrsaseighly proportional to 17qThis low-q
behaviour is related to the concentration fluctwagi of the copolymer, whose hydrophobic
blocks constantly form and break--up small miceltagions. Around &0.02 A' a
prominent correlation peak can be seen, which werpret as the signature of the positional
correlations between the small micellar regionsonirthe properties of the Fourier
transformation, a typical average distance w2~ 320 A between centers of micelles can
be deduced. The number of micelles per unit volisttbus 3.1 cmi®, whereas the number
of polymer molecules at 2%v is 3.4'1@m>. Eleven molecules or 22 stickers thus participate
in the formation of an average micelle. Using y@dal size of a hydrophobic,gsticker, we
can estimate the volume of a hydrophobic domai¥ to 10000 &, which corresponds to a
radius of 13 A. The form factor scattering of thésglrophobic regions would start at
approximately 4 = ®, Ap? V, which is very low (0.1 cf, with the volume fraction of the
hydrophobic region 3 1) and the contrast estimated to 5'°16m?) compared to the
observed signal. The entire chain thus contributegshe scattering, and an analogous
calculation for the form factor scattering of agdénchain gives 3 cth At high q, finally, a
scattering law typical for chains in good solvenfaund (bgt"). It must be emphasized that
the typical sizes clearly visible in neutron soatig and the equally well-known chain
characteristics appear to be in contradictionhasradius of gyration is considerably smaller
than the average distance between objects. Chainstdappear to be stretched on average, if
one trusts the high-q behaviour. A consistent pectwould be that only a fraction of chains is
stretched to connect the hydrophobic domains, vasetbe others are present as loops or



dangling ends. Concerning this latter hypothedisnay be noted that the hydrophobic
domains, which are rather small, fluctuate constapbssibly up to complete disintegration,
and that single stickers may be found in solutaamg@ling ends).

The second scattering curve plotted in Figure 8essgnts the structure of the copolymer
network containing index-matched (and thus inveilgilica particles. The intensity has been
rescaled to compensate the difference in scattégimgih density of the solvent, and the good
superposition at large-q shows that the chains dbeysame chain statistics (good solvent).
The difference in the low-q scattering (an appatgntpower-law) and the slight shift in the
peak position indicate that the positional coriela between the hydrophobic domains have
been perturbed by the presence of the silica pesticThis is to be expected, given the
crowded environment created by the silica partjicsswe have sketched it in Figure 2. Note
that there is no straightforward interpretation fbe low-q scattering laws in absence or
presence of silica. The only sure fact is the atwsearf a low-q scattering plateau, which
indicates that there are concentration fluctuatiomslving many molecules.

As a last point, we now discuss the dispersionhef silica in the copolymer network.
Unfortunately, we do not have a complete data s¢he same system. In Figure 9, scattered
intensities collected on a very similar system, enatismall micelles connected by the same
35k-copolymer are shown. In this case, the smatetids have been indexed-matched, and
only the silica contributes to the scattering. Irsecond experiment, the pure silica was
measured in solution independently, and the twa dats have been rescaled to identical
contrast conditions. As can be seen from the vegdgsuperposition of the intensities, the
silica in the copolymer network is dispersed justweell as it is dispersed in pure solvent.
The same result was found for the 35k-silica sysighere the scattering was measured only
at intermediate angles, and good superpositioniradda In conclusion, this proves that the
silica particles are individually dispersed at thbgyh pH values.

independently, and the two data sets have beealeesto identical contrast conditions. As
can be seen from the very good superposition oirttesnsities, the silica in the copolymer
network is dispersed just as well as it is dispkrséen pure solvent.
The same result was found for the 35k-silica sysighere the scattering was measured only
at intermediate angles, and good superpositionirgdita In conclusion, this proves that the
silica particles are individually dispersed at thaggh pH values.

If we collect all the information obtained by rhegy and scattering, it appears that there is a
specific effect of the silica nanoparticles on fleev properties of the copolymer network.
Due to their electrostatic charge, the nanopa#giel® suspended individually in the network
in exactly the same way they are suspended in mater. On the other hand, the
configurations of the copolymer molecules are tjeseen to be affected by the addition of
the particles. It is unclear at the moment, if teffect is due to interactions between the
polymer and the silica, or if the simple presentthe silica forces the polymer to reorganize
spatially. In any event, important rheological ofpas are observed, and must be related to the
modified polymer microstructure, as evidenced byNSA

V. Conclusions and outlook
We have investigated and compared two very difteremocomposites. One is typical for

elastomer reinforcement, where hard silica padielee dispersed in a latex polymer matrix.
The other is a hydrogel, thus containing solvend silica particles suspended in the solvent.



In the silica-latex system, mechanical reinforcenters been measured for different states of
aggregation, for more or less identical polymeicaiinteractions. This allows us to identify
the contribution of the filler structure to the mrcement effect. The second system was
designed to investigate the influence of struciara similar way, and in this article a first
series of results on a pure (surfactant-free) gopet network with individually dispersed
silica particles is presented. When comparing thiefercement effect for similar silica
volume fractions (5%-7%) in the two systems, it egus that it is of the same order of
magnitude for low aggregation numbers. In both gadee contribution is stronger than the
Einstein prediction, and also stronger than theosgy increase of a pure

(surfactant-free) copolymer network with individiyatlispersed silica particles is presented.
When comparing the reinforcement effect for simgdgica volume fractions (5%-7%) in the
two systems, it appears that it is of the samerasfimmagnitude for low aggregation numbers.
In both cases, the contribution is stronger th@aEmstein prediction, and also stronger than
the viscosity increase of a pure silica solutiontHe case of the silica-latex nhanocomposites,
the origin of the effect is thought to be due teifacial interactions, whereas in the hydrogels
the situation is more complicated. In particul&iisinot clear if the adsorption of copolymer
onto the silica shall be viewed as an interfaciadification or a change in network
connectivity. In future work, it will be interestinto create hydrogels filled with aggregated
silica particles to allow for a full comparison.

It is interesting to put the observed reinforcemienthe context of the most fundamental
reinforcement laws. Einstein’s prediction= n, (1+2.5®) holds for a purely viscous flow
around an isolated spherical partiéfe In the other extreme, Smallwood has shown that
Einstein’s prediction applies also to the reinfoneat of the modulus of a purely elastic solid
3 In our case, we have measured both the modulgs 4F and the viscosity (Fig. 6) of a
viscoelastic reinforced system. Note that the masldorresponds to what would have been
measured in a step-strain experiment, i.e. it imsueed in absence of relaxation of the
samples. As a result, it seems that we can botly &pallwood’s equation to the modulus,
and Einstein’s equation to the viscosity. Howewar the viscosity is given by the product of
the modulus and the relaxation time, this can evdyk if the relaxation time is constant. In
this article, we have provided evidence that tkisnot always the case, and that specific
interactions can slow down (or speedJiphe relaxation time. This introduces an additiona
dependence on particle volume fraction, not takém account in the original theories.

A possible extension of this system is to vary Hteucture of the silica particles, by
decreasing the pH and thus the electrostatic ictierss between nanoparticles. This can be
done in close analogy with the study of the silai®x nanocomposites, where the
aggregation numbers could be varied from a fewet@mal thousands. It is unclear if a good
control of monodispersity can be obtained usingrala protocol (pH changes); nonetheless,
it would allow to conclude independently on the teiouitions of filler structure, and specific
filler-matrix interactions, some evidence of whitdis been reported on in this paper.
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Figure Captions:

Figure1: Reinforcement factor of silica-latex nanocompasit@s = 5%, three
samples at pH ca. 4, 7 and 9), as a function aftivel elongatiom\ = L/L,.
The average aggregation numbers have been meabyregmall Angle
Neutron Scattering, see text for details.

Figure 2: (a) Phase diagram of 35k copolymer in water fareasing polymer volume
fraction ®p. (b) Phase diagram of 35k copolymer in watefPat=3% for
increasing silica volume fraction. (c) Schematiewiof transient copolymer

network.

Figure 3: Modulus G in Par in s andn in Pa.s of 35k copolymer network as a function

of polymer volume fractiodp.

Figure 4: Modulus G in Pa of filled 35k copolymer networkbg =3%) for increasing

silica volume fractiorbg;. All samples are at pH 10.

Figure5: Relaxation time in s of filled 35k copolymer netk (®p =3%) for increasing

silica volume fractiorbg;. All samples are at pH 10.

Figure6: Viscosity in Pa.s of filled 35k copolymer netwofkbp =3%) for increasing
silica volume fraction®s;. Data is compared to the viscosity of a pure ailic
solution (solid line) and to the Einstein prediati@otted line). All samples are
at pH 10.

Figure7: Storage G’(Pa)«) and loss G”(Pa)&) modulus as a function @b of (a) a
filled 35k copolymer network @p = 3%, ®s; = 6.54%) compared with a
copolymer network without silica G’(Pay) and loss G”(Pa)d) (Pp= 3%,
@4 = 0%). With silica, departures from Maxwellian bglour are emphasized

in G" at highw, and in G' at lomw, which is illustrated by the solid line



Figure8:

Figure9:

calculated for G’ with silica, using a single reddon time. The dottted lines
are fits with a double Maxwell modelG 3200 Pa; @= 140 Pa; = 0.02 s,
= 0.2 s for the filled network and;G 2400 Pa; &= 20 Pa;; = 0.032 s>

=0.22 s for the pure network.

Scattered intensity | in cfhas a function of wave vector q in*An pure RO
of 35k copolymer network with a volume fractigbp = 2%. The data is
compared to the intensity of the same network ¢omg 6.54%v of index
matched silica particle® (= psi = 3.5.13° cmi®). The latter intensity has been
rescaled to the one of the pure copolymer in orercompensate the

differences in contrast.

Scattered intensity | in cfas a function of wave vector q in*%f filled 35k
networks containing contrast-matched microemulgidg = 6%, R = 30 A,
4%, p = pm = 0.3.16° cmi?).
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Figure 5 (Puech et al)
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Figure 6 (Puech et al)
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Figure 7 (Puech et al)
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Figure 8 (Puech et al.)
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Figure 9 (Puech et al)
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