N
N

N

HAL

open science

Modeling of Intermediate Structures and Chain
Conformation in Silica-Latex Nanocomposites Observed
by SANS During Annealing
Anne-Caroline Genix, Mouna Tatou, Ainara Imaz, Jacqueline Forcada, Ralph

Schweins, Isabelle Grillo, Julian Oberdisse

» To cite this version:

Anne-Caroline Genix, Mouna Tatou, Ainara Imaz, Jacqueline Forcada, Ralph Schweins, et al.. Mod-
eling of Intermediate Structures and Chain Conformation in Silica-Latex Nanocomposites Observed
by SANS During Annealing. Macromolecules, 2012, 45 (3), pp.1663-1675. 10.1021/ma202308c . hal-

00674994

HAL Id: hal-00674994
https://hal.science/hal-00674994
Submitted on 28 Feb 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00674994
https://hal.archives-ouvertes.fr

Modeling of inter mediate structures and chain conformation in silica-latex
nanocomposites observed by SANS during annealing

Anne-Caroline GeniX>, Mouna Tatot®* Ainara Ima2, Jacqueline Forcada

Ralf Schwein$ Isabelle Grilld, Julian Oberdisseé~®

IUniversité Montpellier 2, Laboratoire Charles CoulordMR 5221, F-34095 Montpellier, France
2 CNRS, Laboratoire Charles Coulomb UMR 5221, F-34095thkllier, France

3 Grupo de Ingenieria Quimica, Facultad de Cienciasn@icas, The University of the Basque Country, 20680
Sebastian, Spain

4 Institut Laue-Langevin, F-38042 Grenoble, France
5 Laboratoire Léon Brillouin, UMR 12 CEA/CNRS, CEA Spck91191 Gif sur Yvette, France

* author for correspondenceacgenix@univ-montp2.fr

February 2012

Abstract:

The evolution of the polymer structure during nasmaposite formation and annealing of
silica-latex nanocomposites is studied using cetivariation small angle neutron scattering.
The experimental system is made of silica nanogasti(R; ~ 8 nm) and a mixture of
purpose-synthesized hydrogenated and deuteratedlate (Raex = 12.5 nm). The
progressive disappearance of the latex beads bi cheerdiffusion and release in the
nanocomposites is analyzed quantitatively with adehdor the scattered intensity of hairy
latex beads and an RPA description of the free nghaln silica-free matrices and
nanocomposites of low silica content (7%v), theemting procedure over weeks at up to+T
85 K results in a molecular dispersion of chaihg, tadius of gyration of which is reported.
At higher silica content (20%vV), chain interdiffasiseems to be slowed down on time-scales
of weeks, reaching a molecular dispersion onlyhat strongest annealing. Chain radii of

gyration are found to be unaffected by the presehdtie silica filler.

Figures: 7
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|. Introduction

Dispersing hard filler nanoparticles in a soft pogric matrix creates a new material,
nanocomposites. Their properties may be tuned, é&y.modifying the quality of the

dispersion, or of the interfacial interactiofis. Understanding how properties of
nanocomposites emerge necessitates knowledge yhenlstructure and dynamics, as well
as of nanoparticle dispersion. General fundameetsllts are rare in this field, and many
model systems have been investigated in the pastising on chain conformation, one finds
various systems, like silica particles in poly(dtmdsiloxane) (PDMSY, poly(styrene) (PS)

"8 noly(isopreney" *° or poly(ethylene-propylene) (PE®)and crosslinked PS beads in PS

13-16 and molecular theories

12 The subject has also been addressed by compumaiatons
17.18 The conclusion on the evolution of the chain wadif gyration with the amount of hard

filler in most of these studies remains incomplatethe moment, among others due to
difficulties in measuring a chain structure whishniot perturbed by the filler presence. It is
not clear to date, if this is a technical probleineog., impossible matching of heterogeneous

nanoparticles, or if the chain structure is trugytprbed by obstacles.

Polymer dynamics in a hard, nanostructured fillavi®mnment is one of the intriguing
problems in nanocomposites. Access to this infaonatas been gained using fluorescence
resonance energy transfer quasielastic neutron scatterifit?> and NMR technique&"®°
Reorganization of polymer molecules in melts, eby. following the radius of gyration of
polymer chains during annealing by scattering, gjiweformation on larger scale€®
Inspired by this method, we have recently choseimalar approacH, which is also used

here.

A large body of experimental research has beencdtmtl to nanoparticle dispersions in
nanocomposited”. A particularly interesting system is based omxafilm formation. The
process of formation of pure latex films has ateda@onsiderable attention over the past two
decades’®** Latex beads are brought into contact by evaporatif the aqueous solvent
above the minimal film formation temperature. Degiag on the thermal history of the
samples and the architecture of the beads, diffesnctures may be generated. For large
beads with a clearly defined shell, e.g., beads kesp their globular shape, and the shells

connect into a network. In other cases, all chanay interdiffuse until the initial organization



in the form of beads has completely disappeared,tha final film forms a molecularly

dispersed melt of polymer chains.

Latex film formation has been used as a methochtorporate silica nanoparticles into a
polymer melt, thereby forming silica-latex nanocarsites®®. One of the advantages of the
silica-latex nanocomposite system is that theasiditucture in the final nanocomposites can
be controlled by the physico-chemical propertiestt® precursor solutiof* *> *¢ The
samples chosen in the present article have a sisiliea structure at different filler volume
fractions, due to a simultaneous change of solugibhand silica concentrationother
advantage is that one may mix hydrogenated (H)deuderated (D) latex nanoparticles, and
thereby create a scattering contrast for the polyaiwing its structural analysis by neutron
scattering. Under particular conditions, callecbzaverage contrast (ZAC) *® the influence

of the silica-filler may be strongly reduced. Imezent papet’, we have studied the rheology
and silica structure of such nanocomposites. Wee hatroduced D-latex particles, and the
scattering was shown to be dominated by the polystracture. During annealing, H and D-
latices were found to demix due to incompatibility the physico-chemistry of the bead
stabilization. The analysis of the demixing kingtgave information on the bead dynamics in
presence of the hard filler phase: low silica vadufractions (5%) had little impact on the
demixing kinetics, whereas high volume fraction®%) were sufficient to block the

demixing on the time scale of observation.

In this article, the structural evolution duringnaaling of films made of H- and D-nanolatex
beads, which areompatibledue to the use of the same stabilization layerissussed.
Following the ZAC-concept, it will be shown thaktkilica signal can be made negligible in
nanocomposites. Small angle neutron scattering (ANen gives access to polymer
structure on the nanometer scale, and to slow disaaver time scale of weeks. This study
thus opens a route to characterizing the chairtsirel in nanocomposites, as a function of the
filler quantity and dispersidi Materials, synthesis of H- and D-latices, andegipental
methods are presented in section Il. Experimeetallts are presented in section Ill, starting
with the phenomenology of the structural evoluttbiring annealing (lll.1). This is followed
by a quantitative modeling based on a combinatiche® Pedersen model of hairy beads, and
of the classical RPA equation for free chains. Tiedel is applied to the experimental

intensities of H-D structures both in silica-freatnices (111.2), and in nanocomposites (111.3).



In section IIl.4, the impact of the silica-conteoi chain dynamics is discussed, before

concluding with perspectives in section IV.
II. Materialsand methods

Silica nanoparticles. Bindzil silica nanopatrticles delivered in high pHiacge-stabilized
aqueous suspensions (30%wt, pH 9 - 9.5) were drgift Akzo Nobel. We have checked by
SANS that they are individually dispersed, and rttteimensions are described by a log-
normal size distribution (R = 78.5 A ando = 18%) leading to an average volume qf ¥
2.34 16 A% and a volume-average radius of R 82 A. Contrast variation was employed to
determine the scattering length densipyg € 3.6 13° cm?).>* The hydrodynamic radius
determined by dynamic light scattering is 120 A.

Synthesis of hydrogenated and deuterated latex nanoparticles. Hydrogenated polymer
nanoparticles (H-latex) were purpose-synthesizedsam Sebastian using semicontinuous
emulsion copolymerization of methyl methacrylateM®) and butyl acrylate (BuA). The
surfactant used for stabilisation was sodium dodedlyate (SDS, Merck) (6%wt with respect
to the total monomer mass). The synthesis procassbieen described elsewhéfe >°
Deuterated polymer nanoparticles (D-latex) weretlssgized following the same protocol,
with perdeuterated MMA (containing 8 D), and BuAtaining 9 D and 3 H.

Characterization of hydrogenated and deuterated latex nanoparticles: The composition

of both H- and D-latex beads has been checkednidiar fractions of MMA (72 £ 1%) and
BUA (28 + 1%) have been measured'BlyNMR for protonated batches and Bg-NMR for
deuterated ones, both in CRCThe glass-transition temperature was found t@H% on
average by differential scanning calorimetry. Hwerage chain mass has been obtained by
size exclusion chromatography (SEC) using hydrogehBMMA-standards in THF, and is
given, together with their polydispersity index, Table 1. Due to limited batch size with
deuterated material, four different batches wenethssized, called batches A to D. The
macroscopic density was found to he=1.16 + 0.02 g.ciifor H (resp. @ = 1.23 + 0.02
g.cm? for D) at room temperature, leading to monomepéet unit) volumes of y= 1.54 10

2 cn? (resp. \b = 1.57 10 cn?). The scattering length density was determined by
independent contrast variation experiments (seerapp): py = 0.94 16° cm? (resp.pp = 6.4

10'° cmi®), in agreement with the macroscopic density aedcttmposition. The index-match



point of the silica nanoparticles is thereby foutadbe at a matrix volume fraction in
hydrogenated polymer @by = 51% Py + ®p = 100%). The scattering length density of the
H-D-matrix is then given bpup = Py py + Pp po. The nomenclature of the samples goes as
follows: the letter corresponds to the bat®h, is given in the index, and where appropriate,
the silica volume fraction in parenthesis (e.g3(A%) for a sample made of batch A, having
53% H, and 7% silica).

Mo(H) /Pl [M,(D) /Pl [pH |[®y | x

Name | (g/mol) (g/mol)

As3 279100 /2.7) 217900 /2|5 9 0.53 9.31(
As> 279100 /2.7 217900 /25 9 0.62 10.110
Be2 258200 /2.5| 242100 /2.3 4 0.62 9.71(
Cu 305500 /3.3| 240200 /2.6 7 0.44 8.31¢
Ds; 345100 /3.4| 241000 /19 5 0.51 8.0 1(

Table 1: Characteristics of the different polymer matricd8bain masses of H- and D-latex were obtained by
SEC, pH refers to the precursor solution, to the volume fraction of H-latex in the matrixidgys is the
theoretical monomer interaction parameter on th@osial curve calculated accordingem.(7).

The size distribution of the various batches oéxdbeads (H and D) has been characterized
by SANS in dilute suspension. The synthesis prdtgage H- and D-latex particles of typical
radius Ruinier= Rg*V(3/5) = 125 A. This corresponds to the average neassry volume
measured by I(e0), which is 8.2 1DA3. The average mass of the H- and D-chains (280 and
230 kg/mol, resp.) of the matrices used for theeated samples was taken to estimate the

typical number of chains per latex bead:=\23.

Nanocomposite formulation and film formation: Bubble-free silica-latex films were

formed by slow drying in teflon moulds at 65°C dhgrithree days, after deionisation and
degassing of solutions, and immediate pH adjustnerthe desired value using NaOH.
Thermo-gravimetric analysis was used to deterntieestlica volume fraction in the samples.
D-containing samples for scattering discussed e thinner (0.2 - 0.3 mm) than the H-
latex films used to determine the silica structoyjeSANS (cf. appendix), to avoid multiple
scattering. Annealing was performed at several sxatpres well abovey{100°C to 120°C;

one test at 150°C), over periods of one or two weélooling down samples rapidly below



their glass-transition temperature; Then freezes the structures established at high
temperature. Their characterization thus conveyernmation on polymer structure and

interactions at the annealing temperature.

Nanocomposite film structure determination: The generic structure of silica nanoparticles
dispersed in latex matrices has been studied prshid*. For samples with silica, the filler
structure has been checked by SANS in H-latex,i&neported in the appendix. For all other
samples discussed in this article, the silica wagched by using appropriate mixtures of H-
and D-latex. The evolution of the film structurerfr latex nanoparticles to molecularly
dispersed chains was followed by SANS, as a funatiothermal history and silica content.
Small Angle Neutron Scattering was performed ombigges D22 at Institut Laue-Langevin
(ILL) (three configurations, defined by sample-tetector distance D and incident neutron
wavelengtih: D =17 m; D=8 m; D =2 m, aNlJ = 6 A) and PACE at Laboratoire Léon
Brillouin (LLB) (D =4.5mA0=12A;D=45mA 0=6 A; D=1 m\ =6 A). Empty cell

or empty beam subtraction, calibration by 1mm liglater in Hellma cuvettes, and absolute
determination of scattering cross-sections 1(q)=#df per unit sample volume in ¢hwere
performed using standard proceddtesamely an incoming beam measurement for absolute
units. Incoherent background was estimated usif@r-point method, and checked by the

known high-q scattering laws of polymeric interfa@ad melts.

[11. Results

[11.1 Structural evolution during annealing of pure H-D-matrices

We start with the key observations by SANS of thegpessive interdiffusion of H- and D-
polymer chains in pure polymer films (i.e., silitae matrices), before modeling them
guantitatively in section 111.2, and studying H-ksa nanocomposites in section 111.3. In the
course of the annealing procedure, the initial fétructure of possibly deformed latex-beads
in close contact is replaced by molecularly dispérshains. In a scattering experiment, the
two limiting cases correspond to very differentnsigires in g-space. Both can be seen as
space-filling objects. Given that the initial bedidpersion is governed by the structure of the
(drying) suspension, and that H- and D-beads cordédferent isotopes but are otherwise

identical, there should be no preferential corretabetween H- and D-beads. In particular,



contrarily to our previous study, both latex beads bear the same stabilizing lajfeen the
theorem describing melt scattering can be appbeantideal and incompressible mixture of
H- and D-objects of normalized form factor P{gy*® 2

I(q) :APZ(DH ©, v* P(q) (1)

whereAp is the scattering length density difference betwide and D-objecté&p = py - po,

®@; their volume fraction®y + ®p = 1), v*their volume, and P{g0) = 1. The theorem simply
states that in the ideal case, no bead interap@oametel describing possible concentration
fluctuations is needed, and only form factor scatteis observed. For globular particles, the
typical scattering is thus the one of beads of mgss (expressed through the volume v*),
i.e., high } = I(g—0). A typical radius of gyration can be identifiedthe Guinier regime. A
Porod law ~ 1/gin the high-q domain corresponds to its smootarfate. The other extreme

— individual chains — have necessarily a lowgibEcause several chains make up one bead,
and the ratio of,lcan be used to extract the average number of €lpginbead. Their high-q
power law is also different, proportional to 4/qvhich corresponds to Gaussian chain

statistics in a mef in our g-range. The form factor of such Gausstaairs reads”

2

PDebye(q)=q4R (exp(-quS)-lszS)

4
. (2)
where R is the radius of gyration of the macromolecules.

While the mixture of H- and D-latex beads in saluatiis likely to be ideal, because it is
random in the latex suspension just before thepgeit, the melts of H- and D-chains are
usually not ideal: a monomeric (Flory-Huggins) migtion parametex between H and D
monomers has to be introducgd’. Eq. 1 is then extended to the well-known random-phase
approximation (RPAF2. In our notations, the scattering function for tre of H- and D-
labelled chains of different masses and normalizbain form factor R(q) (P(Q),
respectively) is then given by

Ap® _ 1 . 1 2
I(Q) cDH NH VH PH (q) (DD NDVD PD (q) Vo (3)




N; and \{ are the number of monomeric units per chain (deteed from M,), and
monomeric unit volume, for H and D isotopes, resipely. Vo = ®yVy + ®pVp is the
average monomer volume. The elevated number ofnpaeas ineq. (3) can be reduced
significantly by fixing the volumes for both H aml chains according to independent SEC
results Table 1):

N. V. = i (4)

with M; the weight-average molecular weight, d the derisitg/cn?, andN, the Avogadro
number. The number of parameters can be furthetelihby coupling the radii of gyration of

the two species using their Gaussian statisticadamtical monomeric structure:

" (5)

There are thus only two free parameters for fitpure chain melts witleg. (3): x, and one

radius of gyration.

A plausible transition scenario between the twatimg cases — beads and individual chains —
is the progressive release of chains from the bédus average mass of the system of beads
and chains thus decreases, which is detectabl&enlow-q scattering. Furthermore, the

polymer chains probably start by interdiffusingtbe surface of the beads, which generates a
corona of H-chains solvated by D-chains, and vieesa. Such chains thus gain scattering
contrast, and latex particles become ‘hairy beddshis intermediate case, the simultaneous
presence of chains and hairy beads leads to the nwnplex fitting procedure defined in

section Ill.2.Eq. (3) is then simplified by using only a single chaimtdution:

Ap® 1 2y

| = -4 (6)
(@ @,2,NV,P(@) V,

This is justified as the molecular weights of theakd D chains are altogether quite close.
Note thateq. (6) reduces teq. (1) for x = 0.



The existence of chain scattering, due to releasemrona-chains, should result in a high-q
power law with a lower exponent than the Porod lamd thus remain visible at high-g. In
Fig. 1, the evolution of the scattered intensity durimgealing is shown for a typical silica-
free sample (8(0), Py = 62%, sed able 1 for details). Directly after film formation at 66°

(3 days), the highest intensity is obtained. Theagleof the scattering function can be
described by a Guinier law, | adaxp(-(fR92/3), and we find R= 140 A for the typical spatial
extension of the objects in the film. Given thag tladius of gyration of the precursor latex
beads measured independently in aqueous solutR As its increase indicates a swelling of
the beads by the chains of the surrounding beaxdsthe beginning of chain interdiffusion. A
similar behavior has been reported in the liteettirFollowing eg. (1), the | value of 5415
cm* corresponds to a bead mass quite close to thefahe precursor latex beads (i2.22
chains out of 23), and in practice no chains haeamed from the beads yet. In the high-q
range, however, the expected Porod-law breaks dawth,a crossover to a /cegime is

found, in close resemblance to scattering of haiigelles®®

Ry being of the same order of
magnitude as the initial beads, the general stredtustill a close-packed assembly of beads

with a hairy corona.

(@) (cm)
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Figure 1: Structural evolution of matrix structure duringh@aling (A.(0), Py = 62%). After film formation at

65°C (no annealing), then after annealing at 10@@eeks), 110°C (1 week), 120°C (1 week). Theddatie is
the RPA description, the dotted line representgtiberetical prediction fox = 0 (Debye).

During annealing at higher temperatures — 100°@é2ks), 110°C (1 week), and 120°C (1
week), respectively — the shape of the scattetimgtion evolves considerably Fig. 1. The
limiting intensity b becomes smaller by more than a factor of tencatdig vanishing of

beads, and the g-range over which chain scattégifigis observed widens. Using the Debye

9



formula —eg. (2) — together with the parameter couplingg-(5) — in eg. (3) allows us to fit
the scattering function after the strongest anngah Fig. 1. The resulting radii of gyration of
the chains in the melt are reportedTiable 2 for the different batches. The,Ralues depend
on the exact value of, the choice of which will be discussed below, blibgether their
values are robust within 10%. To check consistetity values of Rcan be compared to the
average mass of the chains. Due to polydispensithain mass, the cloud of data points was
fitted by a single relationship,,R 1/6 C. b Nbond 2, Where G, is the characteristic ratio, b the
bond length (1.53 A), andha the number of bond¥. The result is € = 12 + 3, which
compares favorably with other polymethacrylateg,, & for PMMA®, Using a Kratky-plot, a
persistence length can be determined, and a Kutgthef typically 16 + 3 A can be deduced
(as compared to 17 A for PMMA. C, deduced from the Kratky-plot method is 9 + 2. Our
chain characteristics are thus in the expectederadgte that the precursor solution pH values
have been varied from 4 to 9 in the different nca8j in order to agree with those of the
nanocomposites discussed later. Given the clogerahobserved fRvalues, they seem to be

unaffected by the precursor solution pH.

We now turn to the choice gf For an ideal mixture of Gaussian chains=(0), the expected
limiting law is shown inFig. 1. For non-zeroy values, the chain interactions lead to
concentration fluctuations, which results in anréased low-q scattering, visible kg. 1.
For very high x values the mixture is no more homogeneous, displayinghcgal
decomposition forx = xs. The critical value can be calculated from thenpof divergence of

1(g=0) ineg. (3) assuming identical monomer volumes:

7)(

It follows from eq. (7) that low molecular weights minimize the probalifior the mixture to

undergo phase separation. Thevalues are reported hable 1.

The Flory-Huggins parameter can be determined tindieg. (3) to the SANS-data of
samples annealed at sufficiently high temperatusd®gre chain scattering is predominantly
observed. A sound strategy fordetermination is to perform the same analysis wé@mples

of different H-D-ratio, which is what we have dowéh the series of samples described in

10



Table 1. In Fig. 2, the experimental scattering function of an areebdilm (sample As(0),
120°C, 1 week) is compared to a fit &y. (3), and good agreement is obtainedyoer 5 10*.
The pure form factory(= 0)is also shown for this sample. For comparison ctitecal value

Xs is about twice as high (9.3 1p

x=5 10° T = 120°C ]
ALO) ]

H
Q
T
>
1
o

'_\
R

I(q) (cm™)

10°L

@) Cem?)

=
[SX

10°

0.004 I .1, 0.03 0.07
LS R

0.01 0.1

q (A

Figure 2: Single-chain form factor for the H-D matrix#£0) after annealing (120°C, 1 week). Line is aifitng
the RPA description witly = 5 10* (see text for details), dashed line is the thézakturve in the limit of ideal
mixing. Insert: H-D matrix B4(0) after annealing at 150°C, line is a predictieguming( = O.

The same analysis has been performed with the eenpéries imable 1, and the samg-
value (5 10" was found to reproduce correctly all data, ankilvei taken from here on as the
average monomeric Flory-Huggins interaction paramebdf this copolymer at this
temperature (120°C). For lower annealing tempeeatuonly an extrapolation will be
proposed. Note that again the pH has no influemcthis parameter and that the same radius
of gyration is found for the first two sampless¢®) and A2(0) : same batch, differedty) in
Table 2 with x forced to 5 10, which illustrates the overall coherence of thethod. For
completeness, slightly better fits may be obtaibgdetting x evolve freely. Indeed, values
between 4.1 and 6.7 faare found, cfTable 2, their average being close to 5*.@vith an

error bar of 14
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Name | Annealing X Ry(H) (A) | Ry(D) (A)
As3(0) 120°C, 1 week 0.00058 170 150
0.0005* 157 139
As0) | 120°C, 1 week 0.00041 | 146 129
0.0005* 159 140
Bs2(0) 120°C, 2 weeks 0.00067 | 180 180
0.0005* 166 166
C.4(0) 120°C, 3 weeks 0.00063 | 174 154
0.0005* 148 131
Ds1(0) 150°C, 2 weeks 0.00010 | 186 155
0* 174 145

Table 2: RPA fit parameters for chain melts: interacti@mgmeter and radius of gyration for H and D-chains.
Value* indicates that this parameter was imposeahasverage value compatible with all data sets.

Upon examination ofr able 2, it becomes clear that longer annealing times28Q (up to
three weeks, for differertby) have no systematic effect on the interaction qpatar. In an
independent experiment, a single high-temperatareeaing of sample £X0) (150°C, 2
weeks) has been performed, and the result is shothe inset ofig. 2. The data are seen to
be perfectly reproduced by a fit usirag. (3) with x = 0. Note again that an almost
imperceptibly better fit is obtained with= 10%, which is the order of magnitude of the error
bar. This suggests that the molecular dispersi¢airodd after stronger annealing is very close
to ideal. Note that this is in qualitative agreeieith the generic temperature dependence of
X = A + B/T with B > 0°**°

[11.2 Modeling of SANS data of pure H-D-matrices

In this section, it will be shown that the phenowiegical evolution of the SANS data can be
guantitatively reproduced with an additive modefret chains (RPA) and of an adaptation of
the Pedersen model for hairy micelf8s®* The form factor of the latter is mimicked by a
sphere with Gaussian chains on the surface. Theeimalilbws us to extract detailed
information on the fraction and radius of gyratwfrfree chains, as well as on the core-corona

structure of the latex beads in the film.

12



The expression for the form factor of a hairy nleelith non interacting Gaussian corona

60, 61

chains translates into the following normalized functasing our notation:

(V2 P (q)-'-NhawV2 P

core' core hair’ hair

(@) + 2N, .. VoV S Q)

hair ¥ core ¥ hair~core-hair

ha|ry (q) = V|_2|B

+ Nhair(Nhair 1) hair~hair- halr(q)) (8)

Here Nir is the number of corona chains at the core surfégg is the volume of one chain,
and V.ore IS the volume of the polymer corenyis the (dry) volume of the hairy bead,a&
Veoret NhaitVhair due to volume conservationy q) is the Debye function given &. (2),

and Rudq) is the form factor of a sphere with radius R

P (@)= 9 (sin(gR)-gR cos(qR))? ©)
core (qR)6

Score-haifq) is the interference cross-term between the @@ a Gaussian corona chain

starting at the surface with a radius of gyratigh R

vekes) sl )
Score—hair(q) - qZR;Z ; Q(R; j‘ R)

Fsphere(q) (10)

where Epner€q) is the amplitude of the sphere form factor giby the square-root &fj. (9).

Shair-hair (Q) is the interference between the chains forntieghairy corona

Lexp(-qu;z)]Z (sm[q(R; + R)]]Z 1)

Shair—hair(q) = { qu;Z Q(R; + R)

Due to the contrast situation, only the protrudiagt of the chains is visible as a hair etrs.
(10) and(11), this absence of (visible) penetration in the ¢smaimicked by the term R+R.

As we have seen iRig. 1, there is an intermediate state during annealihgrevthe average
mass of chains and beads is progressively redusedodchain escape. Here, this is modeled
with a fractiona of free chains in the bulk (out of the bead), velasrthe remaining fraction

of chains (1a) is still partially trapped in the latex come.thus represents the loss of mass of

13



the beads. A second fracti@ns needed to describe the partition between cadecaronaf
= 1 stands for the initial bead with no chainshat $urface (all is core), afic= 0 represents a
Gaussian star polymer (all is corona). It followattVeere = 3 (1-00) Vo =B Vs and Viorons

NhaiVhair = (13) (1-a)Vo = (1) Vus Where 4 is the volume of the initial latex bead.

To obtain the scattered intensity due to the metfrhairy beads and free chains, we assume
that one can divide our system in two independpate-filling parts: H and D core-corona
beads on one side\fk(q)], and H and D free chains on the other sigg(fl)], as illustrated

in Fig. 3.

Figure 3: Right: schematic representation of the systenrmdwnnealing. Deuterated components are in red and
protonated ones in green. Left: decomposition i $wace-filling sub-systems: core-corona beadsapgrtion
(1-a) and free chains in proportian

Each case may be described using the formalisnmempies aboveEq. (1) describes the
scattering of the subsystem containing the ideature of hairy beads, using the form factor
Phain{Q) given ineq. (8). The contrast and the fractiofs; and®p keep their meaning, only
the (dry) volume of the hairy beadsyg/ needs to be used for v*. Neglecting the cross-
correlation term between the two sub-systems, #sssiming that the structure of chains is

not affected by the hairy beads, and vice versaadukthe intensity for each of them weighted

by their proportionst (resp. le):

1(c1) = (1- o)l iy (@) + 1l e (@) (12a)

I hairy ()= AF)ZCI)DCDHVHB Phairy (a) (12b)

lred(q) Of the subsystem of the melt of free chaingii®n by the RPA-expressiosg. (6).
The shape of the resulting signal depends on tima factor of each component, and on

The total number of parameters seems large atsfght, but again it can be reduced to a few
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key parameters. Individual bead parameters (ma&ssity, and radius of H and D beads) are
known from independent measurements, as well as dmaracteristics (cfTable 1). x at
120°C has been fixed to 510At lower annealing temperatures, it is highertHis rangex
has been fixed to extrapolated values of 7.5 +2a000°C (resp. 6.5 + 1.5 t@t 110°C),
based on the relationship = A + B/T, and vanishingg at 150°C. Directly after film
formation at 65°C, the extrapolated valuexoé&xceeds the critical valug, andx was set
to Xs. Then the free-chain intensity diverges at q but, due to the limited number of free
chains ¢ < %), only little impact on the low-q level of thé fs found. Knowingy, the
parameten can be read off fromy. The radius of gyration of free chains in the ffimelt has
been reported iTable 2, and here their average over H and D chaigsy..Rwas imposed
(150 A for batch A), and kept fixed for all stagefsannealing. This is consistent with the
data, because changing Re directly impacts the high-q prefactor. As for freleains, the
radius of gyration of corona chains is coupledhtgirtmass according &. (5). Through the
conservation of remaining bead volume, the cordr@ncmass is coupled to the number of
corona chains, and . To summarize, besideswhich is set independently, the remaining
fit parameters are the core fracti@n and the number of corona chaing,;N These two
parameters have a specific impact on the mediuratg (turvature, weak oscillations), and

can be determined with a relative precision ofdyetian 5%.

Thermal treatment| Sample a B Nhair Ry* (A) | Reore(A) | Niree
(corona)

65°C, 3 days (NA) | As3(0) 0 0.55 90 51 102 0

X = Xs Ac2(0) 0 0.45 90 56 96 0
100°C, 2 weeks As3(0) 0.75 0.12 8 120 39 17
Xx=7510 Ae2(0) 0.12 0.10 14 171 56 3
110°C, 1 week As3(0) 0.75 0.12 8 120 39 17
X=6.5 10° As(0) 0.25 0.10 10 187 53 6
120°C, 1 week As3(0) 1 - - - 0 23
x =5 10* Ac0) 1 - - - 0 23

Table 3: Hairy bead fit parameters usedeys. (12) for analysis of silica-free matrices. The initiaimber of
chains per bead isg¥ 23. R recWas set to its average value after annealing ALSDnly a, B, and N are fit
parameters, all others are determined by coupling.

The formalism ofegs. (12) has been applied to the scattering of the pure-ideirices, and
the fits are superimposed to the dat&iiq 4 (solid lines). All the main features, like the low
q limiting intensity, the signal curvature, and tress-over to g chain scattering are found to

15



be reproduced in a satisfactory manner. Note thsitrple homogeneous core-shell model
would follow a ¢' power law in the high-q range, incompatible withe tdata. Minor

differences, like damped oscillations in the intedmate g-range of the model prediction, are
due to the use of monodisperse cores and smoathiexperimental data by the spectrometer
resolution function. This is shown by comparisonthie individual contributions given in

egs.(8-11) to a final scattered intensity,Figure 4b. Depending on the samples, clearly
either the Guinier-shoulder of the core form factar the oscillations of the same function,

induce a minor discrepancy between the data anchtuel fit.
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Figure 4: (a) Modeling of the structural evolution of the matdxring annealing (&(0), @4 = 62%). After film
formation at 65°C (no annealing), then after aningadt 100°C (2 weeks), 110°C (1 week), 120°C (&kye

(b) Decomposition of model fits into different contiiibns showing the influence of the monodispersitthe
core (110°C). Inset: same monodisperse core caitiiiy without annealing.

The parameters used to fit the data are summaiizéichble 3 for batch A, for two H-
fractions. In the course of the annealing procedarés found to increase from 0 to 1 at
120°C, where hairy beads have completely disapfdeanel chains are described by RPA.
This is accompanied by the corresponding increaslee number of free chains escaped from
each bead. Simultaneousfy,decreases from an initial value of about %2 to &ldéi0. This
implies that directly after film formation at 65°Galf of the volume of the latex particles is
already ‘solvated’ by the chains of the surroundiegds. Chain interdiffusion has already
started, which is to be expected, given that swhx! films possess strong mechanical
properties, considerably higher than what woulddosd for dense assemblies of undeformed

colloidal spheres. The number of corona chainglliinis found to decrease with increasing
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annealing temperature. Its initial number, of tmdeo of one hundred, is about four to five
times higher than the number of chains per beas. Stiggests that some chains located at the
surface form loops, each being counted as an iha@licorona chain in the model. As the
core radius goes dowro{0), and the corona fraction u-0), the overall radius of
gyration of the hairy beads is found to increase¢can be seen from the global shape of the
curves inFigure 4a. Within our model, this swelling of the beads &sdribed by long corona
chains (cf.Table 3), which are thus more massive, and — by mass paatgan — fewer. For
one specific sample, their radius of gyration eegneeds the typical Jof free chains for
low-a values. This may be due to stretching (becausieeos$tar-like conformation), which is
mimicked in our model by more massive chains. Iyago be induced by the model which

assumes all chains fixed on the core, whereasrttagystart from anywhere in the corona.

[11.3 Modeling of SANS data describing the polymer matrix structure of silica-latex

nanocomposites

The question of the microstructure of the polymeaitnm in nanocomposites can be addressed
by SANS®®. Using appropriate mixtures of H- and D-latexsipossible to index-match the
silica using the method of zero-average contfast® This is why the scattering length
densities of the components have been determindgd care in section Il. The theoretical
match point of silica by our latex ®y = 51%. The small angle neutron scattering of the
resulting silica-matched nanocomposites should tivaginate from the H-D-structure only,
and this property has been searched for in theipastder to measure the chain structure in
polymer nanocomposites'’. In practice, the issue is more complicated, dusametimes
difficult matching, and to the question of a silmantribution via hole scattering in the matrix,
i.e., holes occupied by invisible silica, which m@dgminate the (mostly low-q) signal at high

volume fractions.
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Figureb5: (a) Scattered intensities of sampleg(B), Bio(7%), Bss(7%) and B,(7%) after film formation and
after annealing(b) Theoretical modeling for the same samples follavéq.(13) showing that H-D polymer
scattering dominates the intensity.

Here we start with the analysis of the matchingdamons in nanocomposites through
measurements around the match poinEith 5a, the scattering of a pure H-D-matrix (sample
Bs2(0)) is compared to nanocompositeshgt= 7% : Bio(7%), Bs3(7%) and Bx(7%), before
(film formation at 65°C) and after annealing (1202Gnveeks). The scattering for differeby,

is seen to remain very close, compared to the gtr@riation induced by the annealing
procedure. To emphasize the satisfying matchingditons, we have calculated the
theoretical intensities expected for such samgdased on rescaled additive contributions of

the silica and the matrix:

Ap,
Ap,

(I)HI(DDI

(1_ (Dsi) I matrix (q) (13)

|meo(CI)=( ] l4(@) +

H™D

where lj(q) has been measured in a pure H-matrix with pHKicf4 scattering curve in
appendix), under contrast conditidp; = psi - pH, atPs; = 7%, rescaled to contralp, = ps; -
Pup; Imatix(q) IS the scattering of the silica-free matrix @&d atby = 62%, rescaled @'y
(i.e., 40%, 53%, 62%). The predictionsHig. 5b are also very close for H-fractions between
®y = 40% and 62%, which illustrates that matchingasisfying over this range. We have
checked that higher deviationsb( = 70% and above) distort the intensity curves
considerably, due to the then visible silica cdnition. The contribution of the matched silica

can thus be considered negligible, and we can applynalysis developed in section 111.2 to
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the scattering of the remaining matrix fraction tbé samples by dividing experimental

intensities by (1P).

The evolution of the polymer structure with annegliof silica-containing samples with
various®y is shown inFigure 6, together with model fits. The data either direcfter film
formation at 65°C, or after annealing of one or tweeks at 120°C are plotted. The
temperature was chosen in the light of the pregesittion. IrFig. 6, the scattering curves of
nanocomposites show the same evolution as thempateces (cfFigs. 1 and5): the low-q
intensity decreases, and chain scattering progedgsdominates the signal. Note that the
matrix made with exactly the same batcky(8), is shown irFigure5.
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Figure 6: Structural evolution of polymer structure in naomposites withbg; = 7% after film formation and
annealing at 120°C for one and two wedRk¥.B4o(7%), (b) Bs3(7%), (C) Bsx(7%). Solid lines are theoretical
models explained in the text. The dotted line repnés the theoretical prediction fpr= 0 (Debye).

The fitting procedure of nanocomposites using. (12) is the same as in section 1ll.2, and
fits are superimposed to the dataFig. 6. The fit parameters for all samples are given in
Table 4, together with those of the corresponding silicaframatrix. The interaction
parametel was set, as before, jq after film formation and to 5 1tat 120°C. The radius of
gyration of the free chains in coexistence with ltitex beads has been determined from the
longest annealing (120°C, 2 weeks) useqg (6) for each nanocomposite. These values are
compatible (within 15%) with the value of the punatrix, and have been imposed to weaker
annealing (cf. caption ofable 4). The decrease in average mass is described mc@ase

in a from about ¥4 to 1 after one or two weeks at 120Rjch implies the complete
disappearance of the latex core. After one weekiessamples (the pure matrixB) and
B.o(7%)) still display a scattering function intermai#i between beads and chains, which

corresponds ta =~ Y. The core-corona paramefer which quantifies the remaining core
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fraction and thus the degree of chain interdiffastodecreases from about ¥z to 1/6 for these
two samples. The number of corona chains is eqemadb the one of the silica-free matrices
discussed in section IIl.1: it decreases from al@®%uto about 30. In parallel, the radius of
gyration of the corona chains grows from about 60100 A. For all samples, after
disappearance of the core (annealing for 2 wedks),signal evolves to free chain RPA-
behaviour(eg. (3)). The number of free chains having escaped fraembtads is typically 5
directly after film formation, and reaches the nmaxtim number R= 23 after annealing.

Thermal Sample a B Nhair %* (A) Rcore(A) Nfree
treatment (corona)
65°C Bs2(0) 0.24 0.57 70 54 95 6
no annealing | B,o(7%) | 0.15 0.55 75 52 97 3
X = Xs Bs3(7%) 0.22 0.50 90 54 91 5
Bex(7%) 0.27 0.52 100 52 91 6
120°C, Bs2(0) 0.45 0.15 28 103 54 10
1 week Bso(7%) |043 |0.10 |30 95 48 10
X =5 10° Bs3y(7%) |1 - - - 0 23
Be7%) |1 |- : : 0 23
120°C, Bs2(0) 1 - - - 0 23
2 weeks Bso(7%) |1 - - - 0 23
X =5 10° Bs3y(7%) |1 - - - 0 23
BeA7%) |1 |- : : 0 23

Table 4: Hairy bead fit parameters usedes. (12) for the analysis of H-D-nanocomposites contairing=
7%. The initial number of chains per bead issN23. The radius of gyration of free chains isteghe average
value determined for each sample after annealigge&: 166 A, 152 A, 170 A and 183 A for matrices,®),
B4o(7%), Bsx(7%), Bso(7%), respectively. Onlg, B, and N are fit parameters, all others are determined by
coupling.

In a previous article, we have investigated tha Skructure of blends of H- and D-latex beads
which demix during annealing. The demixing kinetizas found to proceed during annealing
for nanocomposites with low amounts of silicli(= 5%), and to be blocked in presence of
higher amountsbs = 15% 3% For the present system of compatible latex beagshave
performed an analogous study with a high silicatioa (@ = 20%). Note that the samples,
As3(20%) and Ax(20%), were designed to have a silica structurepasable to the one of the
7% samples by varying the pH. This was checked ANS with the purely hydrogenated
samples, cf. data reported in the appendix. Thdugwea of the polymer structure of
As3(20%) and Ax(20%) in the course of the annealing procedure 2C6NA, 100°C (2
weeks), 110°C (1 week), and 120°C (1 week and Xs)eeis shown irfrig. 7.
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Figure 7: Structural evolution of polymer structure in naomposites withbg; = 20% after film formation and
annealing at 100°C (2 weeks), 110°C (1 week), 120°®eek) and 120°C (2 week&y) As3(20%), (b)
Aex(20%). Solid lines are theoretical models as expldiin the text. The dotted line represents ther#eal
prediction forx = 0 (Debye). The corresponding matrix@) is shown irFig. 1.

The scattering curves displayed kigure 7 show a delayed evolution with respect to the
silica-free matrices (or 7%-nanocomposites) duangealing. The initial structure directly
after film formation (NA) resembles to the one poesly encountered for hairy beads (cf.
Figs. 1 and 6). During annealing of the nanocomposites at highehowever, the low-q
intensity decreases only slowly, and longer anngadit 120°C is needed to achieve a RPA-
behavior ¢=1). The resulting radius of gyration of the fréwins are RH) = 163 A (resp.
140 AR), and R(D) = 144 A (resp. 124 A) for &(20%) and A,(20%) respectively, using the
interaction parametey (fixed to 5 10%).

We have again reproduced the scattered intensisiag) the formalism oégs. (12), based on
the average (over H and D) radius of gyration &f fitee chains, and the fit parameters are
summarized iMable 5. The NA-curve can be described by similar paramseds inTables 3
and4. a smalla in the range 0.05 - 0.15, the core-corona pararfiedout ¥ (as before in all
cases), and 85 chains or loops in the corona,piédyradius of gyration R =~ 55 A. InFig.

7, the moderate decrease in average mass is refflegtex moderate increase @ up to
120°C during one week. Contrary to the silica-poanocomposites, the core is thus not
completely destroyed under these conditions, arada@snsequence, the number of free chains
having escaped from a bead is limited to 10, ol 23 making up the initial bead. Only

after two weeks at 120°C, the core disappears &aihcscattering is recovered. In this
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context, it may be noted that the RPA-fit of theaiohscattering in presence of silica is

empirical, as it implicitly relies on translationaivariance of the systéfy) whereas some

heterogeneities in chain mobility probably exidt gection 111.4).

Thermal treatment| Sample | o B Nehain R* (A) | Reore(A) | Niee
(corona)| (corona)

65°C, 3 days (NA)| Asz(20%) | 0.14 | 0.46 |85 53 92 3
X=Xs AsA(20%) | 0.05 0.47 85 55 96 1
100°C, 2 weeks | Asx(20%) | 0.25 0.23 28 103 70 6
x=7510 Ac20%) |0.10 | 024 |40 94 75 2
110°C, Tweek | As(20%) | 0.29 0.24 22 113 69 7
X =6510 Ae(20%) | 015 |0.19 |30 109 68 3
120°C, 1week | As(20%) | 0.45 0.15 18 116 54 10
X =5 10° Ae(20%) | 028 |018 |25 111 63 6
120°C, 2 weeks | As3(20%) | 1 - - - 23
X =5 10° Ac20%) | 1 i . . 23

Table 5: Hairy bead fit parameters usedens. (12) for the analysis of H-D-nanocomposites contairing=
20%. The initial number of chains per bead §ssN\t3. The radius of gyration of free chains istedghe average
value determined for each sample after annealigge£* 154 A and 134 A for A(20%) and A,(20%),
respectively. Only, B, and N are fit parameters, all others are determineddaypling.

Simultaneously, up to annealing of one week at C2@3e core-corona paramefedecreases

to 1/6. This shows that interdiffusion of coronaicts with chains from neighbouring beads
proceeds approximately in the same manner asiga-gibor samples, but does not reach the
complete disappearance of the core. The numbeoroha chains decreases from 85 to 20,
i.e., again less than with silica-poor samplespdrallel, the radius of gyration of the corona
chains, R, increases to 100 - 120 A, i.e., to about 80%hef spatial extent of free matrix
chains, as in the case of nanocomposites with 78flich for similara values. The behaviour
seems to be different in the case of matrices, &/Rgrincreases above the radius of gyration
of the free chains fan = 0.1 — 0.2. This could be the signature of the ichpésilica on chain

interdiffusion.

To summarize, fodg; = 20%, we have found radii of gyration compatillgh the pure

matrix conformations, as well as with the 7%-sili@ocomposites, within error bars.
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[11.4 Chain inter diffusion-gelayed-dysrarmies and confor mation

It has been shown in the preceding section tha¢vb&ution of the structure with annealing at
increasing temperatures (65° up to 120°C) is slowethe case with strong silica loading
(20%v) as opposed to 7% or silica-free samplesallrcases, the intermediate structures,
which reflect the distribution of deuterated anditogenated polymer in the samples, could
be modeled by a formalismegs. (12) — based on the Pedersen model for hairy beads, and
RPA for the free chains. Two robust results offitteng procedure arex andf3. Their value
can be translated directly into the core volume tloé latex particles M. oOr the
corresponding radius:Re. Decrease of the latter illustrates the progressiterdiffusion of
the latex beads. Mables 3 and4, the radius of the latex core can go to zero aiter week at
120°C for matrices and 7%-nanocomposites, whereasever reaches zero for 20%-
nanocompositesT@ble 5) for the same annealing. In this case, the corgsiias only after
two weeks.Observations of similar delay has been made in pewvious study on an
incompatible latex system, where the kinetics ofagghseparating latex zones was
investigated®. At high silica-content, zone-growth was impededt it was unclear if this
could be traced back to arrested dynanaitshe local scale (chains), or of larger zones
(beads). Here, individual chain dispersion is glyickached in pure matrices and low-silica
nanocomposites, suggesting that it is interdiffasad individual chain=eigamica/hich is
delayed at 20%.

This observation of delayed chair=dyramics intéudibn in presence of silica may be
explained by several mechanisms, and there is smmgoversy in the literature. One can
imagine, e.g., a sticky interaction of polymer cisaon the silica nanoparticles, which would
reduce chain mobility* ®* These authors argue that chain adsorption restea., reptational
dynamics, and thus also polymer flow around hardighes. In some sense, a zone of
restricted flow may develop across the sample.rAdtively, a ‘bottleneck’ explanation has
been put forward®, where the three-dimensional silica structurehisught to constrain
possible motion of the polymer latex molecules.sTimay apply to the a priori percolated
silica structure at 20%. Our observations may aks@xplainedvith NMR investigations of
nanocomposite model systems developed over thedpaste*°, which postulate another
type of zone of restricted dynamics. These authoypose the existence of a frozen polymer
layer close to the filler surface, of estimated arantric thickness (typically a few nm) at
temperatures not too far above the bulk glassitrangemperature. In our case, samples are
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well above the bulk Jduring annealing, and the frozen layer thickndssuksl be smaller.
This layer leads to a higher volume fraction of chanatter, and thus can immobilize
substantial parts of the nanocomposite sample oniroe scale of observation. Exact values
depend on the dispersion of the silica in the samgs well as on the temperature-dependent
layer thicknes$®. If the data shown in this article is not suitafiledeciding in favour any of
the cited explanations, the existence of a delaywih interdiffusion itself is unambiguously

] the

In the context of nanocomposite reinforcement, tb@formation of macromolecules in
presence of fillers has been discussed in thatitez® ** °® but no generally accepted trend
has been found. An overview has been recently gieNusser et df* who considered both
simulations and experimental aspects based oresogtexperiments. They emphasized that
the polymer-filler size ratio is a key parametdtuancing the polymer structure. Here, we are
concerned with filler particles of size comparatdehe polymer chains and we will restrict
the discussion of (controversial) literature resudt this regime. On one hand, a decrease of
the chain dimensions with respect to the unfilledymer was observed by Nakatamind
Nusset' by means of SANS measurements. In the first cse,authord used a data
treatment based on the high concentration methakti@ct the chain radius of gyration in
PDMS/polysilicate fillers blend. Note that thisasspecific case because the filler is liquid at
room temperature. In the second one, Nusser Bt abitained the chain conformation in
silica/PEP nanocomposites by the use of ZAC methodhis system, the Rdecrease was
weak for silica loading: 2% reduction @t; = 18%v. On the other hand, various experiments
using the ZAC method report that, in this reginme, thain size is not affected in the presence
of silica (Sefi, Jouaulf). In agreement with these findings, our resulesnséo indicate that
there is not a strong enough tendency in the elenlwf R, with filler content in order to be
detectable. Changinggfhas a direct influence on the high-q scatteringictv cannot be
compensated by any other parameter in our desmmipii/e have thus estimated our error bar
on Ry of the free chains to +15% using a RPA fit. Foe trenocomposites with 7% silica
(batch B), the Rof the free chains stays comparable to the ortheomatrix, i.e., 166 A for
Bs2(0). At 20% silica content (batch A), the averageef H and D) Rof free chains is R=

154 A (resp. 134 A) for & (resp. A). These values can be compared to the value of the
corresponding matrices (Table 2), which is aboud 85 As mentioned before, the chain

conformation thus stays within the same boundslé®4 for the radius of gyration, i.e., chain
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conformation seems to be independent of silica estnation. Jouault et aldraw attention to
the role of the filler structure. We point out tloatr system has a similar aggregation state as
their 5%v-silica/PS nanocomposites,gi= 10 versus Byg= 7 in our case, see appendix), and
the same unchanged, B observed. To summarize, using appropriaterastitnatching in a
system where the scattering data are not spoileddoltional terms$ ** it is possible to

follow the chain radius of gyration even in presep€considerable amounts of silica filler.

V. Conclusion and per spectives

The evolving structure during annealing of silieéek nanocomposites has been studied by
SANS under zero-average contrast conditions for diiea nanoparticles. A quantitative
structural model based on additive contributiongafe-corona (‘hairy’) latex beads and of
free chains in a melt has been developed. The medimonstrated to nicely reproduce the
data over the whole g-range and in absolute unwitk, a reduced number of free parameters
describing the structure of the shrinking latexdseaur analysis of silica-free matrices and
nanocomposites with low (7%) and high (20%) silic@ume fractions shows that chain
interdiffusion proceeds until complete disappeaganicthe core, with a delay in presence of

20% of silica-Newe

For nanocomposites, evidencing by SANS that theastlller influences the chain dynamics
is interesting for the molecular understanding had teinforcement effect. Another relevant
aspect resides in the still open question of cbamformation in hard filler environments. In
this article, it has been shown that annealingigth kemperature for sufficiently long times
pushes the system towards individual chain disperdiVe have been able to measure chain
conformation at different silica volume fractiomsa given state of aggregation (typically ten
primary silica particles per aggregate, percolaabdiigh concentration). In particular, it is
found that the radius of gyration is unaffectedtuy silica loading under these conditions. It
is now hoped that our system will allow obtainingsight in the structure of molecularly
dispersed chains in nanocomposites, as a funcfiafispersion or aggregation, and chain

mass.
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APPENDIX:

A. Contrast variation

The scattering length density of both H- and Dxateas determined by external contrast
variation in HO/D,O mixtures Figure Al).
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Figure Al: SANS contrast variation study of (a) protonatad &) deuterated latex in a mixture of®4D,0.
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B. Silica structure at 7% and 20%

The structure of the silica filler at 7% and 20% swmeasured using SANS with a
hydrogenated latex matrix. Following the generapghof the aggregation diagrath the
aggregation is expected to be similar at lbywand low pH, and at higits; and high pH. The

data, in a normalized presentation Ifey/ are shown ifrigure B1.
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Figure B1: Normalized scattered intensity of silica-latexioeomposites (7% with pH4, and 20% with pH9,
both H-matrices) as a function of wavevector g.

As can be concluded from the overlap of large pafrtbe scattered intensities, the structure is
indeed rather similar. A detailed analysis, howevsrdifficult, due to the presence of
unknown, and rather featureless (no peak) strudagters in both cases. The presence of a
correlation hole at intermediate q with 20% silgugggests that silica beads are aggregated,
and the similar Guinier domain may indicate combpkraizes. In the case of the lowy; it
corresponds to average aggregates<R80 A) of about seven nanoparticles, i.e., hgan
compacity of about 32%. At the higher volume fractiof 20%, these aggregates come
necessarily into contact, and form a network stme&ctTo summarize, these aggregates do not
change much upon simultaneous increase in contienttand decrease in pH, but approach
and percolate. On the length scale probed in SAN&y have thus a comparable primary

structure which is more or less diluted.
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