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ABSTRACT: We investigate the dispersion mechanisms of nanocomposites made of well-defined polymer
(polystyrene, PS) grafted-nanoparticles (silica) mixed with free chains of the same polymer using a combi-
nation of scattering (SAXS/USAXS) and imaging (TEM) techniques.We show that the relevant parameter of
the dispersion, the grafted/free chainsmass ratioR tunedwith specific synthesis process, enables tomanage the
arrangement of the grafted nanoparticles inside the matrix either as large and compact aggregates (R<0.24)
or as individual nanoparticles dispersion (R>0.24). From the analysis of the interparticles structure factor,
we can extract the thickness of the spherical corona of grafted brushes and correlate it with the dispersion:
aggregation of the particles is associatedwith a significant collapse of the grafted chains, in agreementwith the
theoretical models describing the free energy as a combination of a mixing entropy term between the free and
the grafted chains and an elastic term of deformation of the grafted brushes. At fixed grafting density, the
individual dispersion of particles below the theoretical limit of R=1 can be observed, due to interdiffusion
between the grafted and the free chains but also to processing kinetics effects, surface curvature and chains poly
dispersity. Mechanical analysis of nanocomposites show the appearance of a longer relaxation time at low
frequencies, more pronounced in the aggregated case even without direct connectivity between the aggregates.
Correlation between the local structure and the rheological behavior suggests that the macroscopic elastic
modulus of the nanocomposite could be described mainly by a short-range contribution, at the scale of the
interactions between grafted particles, without significant effect of larger scale organizations.

I. Introduction

The properties of a polymer, an elastomeric matrix, can be
amazingly enhanced by inclusion of hard inorganic particles. The
resulting material, which makes use of both the softness of the
polymer matrix and the specificities of the particles, constitutes
an innovative way of designing new products for applications
in mechanical, optical, fuel cells, or gas barrier engineering. Re-
cently, more attention was focused on the size reduction of the
particles down to the nanometer range, to increase the specific
surface available and thus obtain improved macroscopic proper-
ties. At this scale, these properties are directly related to the local
organization of the nanoparticles inside the matrix, which can
present a large variety of structures: directly connected or not,
from the well-dispersed case to the formation of large and com-
pact aggregates, with intermediate structures like ramified or
elongated objects.Different strategieswere developed to tune and
control the hierarchical structure of the particles distribution
in order to tune and control the expected final properties: one can
play on the initial shape using anisotropic fillers like carbonnano-
tubes1 or fractal fillers,2 or one can use an external trigger by
simple control of the processing conditions,3,4 such as for instance
controlling the electrostatic repulsion5 or a magnetic field.6 An
alternative route of tuning is to use an internal trigger: grafting
chemistry to cover the particles with a corona of grafted polymer
of the same nature as the matrix. Many recent studies7 present

various refined synthesis processes of well-defined grafted nano-
particles using radical-controlled polymerization (RCP), parti-
cles which can then be used as fillers bymixing with free chains of
the same polymer. The resulting interactions between grafted
chains and free chains from thematrix were described from a the-
oretical point of view for planar surfaces8,9 as a function of two
main parameters: the chain length ratio between the free and the
grafted chains (expressed using the polymerization indexesN for
the grafted chains and P for the free chains) and the chains graft-
ing density. For P e N, the phase diagram exhibits a complete
wetting region bound by two grafting density limits, a lower σ*
and an upper σ** (defined asP-1/2). These two limits coincide for
P=N, namely when the free chains length is identical to that of the
grafted ones, and incomplete wetting takes place. These theoretical
concepts have been transferred to colloidal systems10,11 for PeN:
in this case, interparticles interactions and surface curvature have
to be taken into account. For high grafting density, attractive
interactions between grafted chains dominate and induce aggre-
gation of particles.12 For low grafting density, interparticles in-
teractions dominate due to incomplete surface coverage and the
particles can aggregate, or percolate into a continuous network.
In the intermediate grafting density situation (σ*< σ< σ**), the
dispersion is mainly dominated by the interactions between the
grafted and the free chains, and thus by the grafted to free chain
length ratio: the surface coverage is large enough to suppress the
percolation but lower enough to reduce the attractions between
grafted chains. The total free energy can be expressed as the sum*Corresponding author. E-mail: jacques.jestin@cea.fr.
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of a mixing entropy term between the grafted and the free chains,
and an elastic term of deformation (stretching or compression) of
the grafted chains. The key parameter is then the ratio between
the length of grafted chains (N) and of free chains (P), R=N/P.
When an identical polymer is used for the free and for the grafted
chains, which is our case all along this article, the ratio can then
directly be expressed asR=Mn grafted/Mn matrix.WhenR>1, the
free chains, which are shorter, can penetrate into the grafted
corona according to a favorable entropic potential and conse-
quently swell it: the grafted chains are stretched and the brush is
“wet”. When R< 1, the mixing entropy is much lower, swelling
elastic dominates, which expels free chains from the brush and
changes its conformation: the grafted chains are compressed, and
the brush becomes “dry”. From an experimental point of view,
these concepts have been studied mainly in the case of microgel
systems13-16 or for large particles17 (micrometric scale) but less in
the case of nanocomposites.18

The present paper first addresses the experimental validation
of this theory, through the effect of R (expected to be the key
parameter) on the dispersion of grafted nanoparticles inside a
polymer matrix. We focus here on the specific case of N < P,
i.e.Mn grafted <Mn matrix or R< 1, while working at fixed inter-
mediate grafting density. Our previous works19,20 allowed us to
develop a controlled synthesis process of well-defined polystyr-
ene-grafted silica nanoparticles, with grafting densities around
0.2 molecules/nm2 and varying grafted chains molecular masses
between 5000 and 50 000 g/mol. We thus obtained the materials
required to formulate nanocomposites filled with grafted nano-
particles, nanocomposites in which we are able to change the R
parameter according to two different strategies: either by varying
the mass of the free chains at constant mass of the grafted chains,
or by varying the mass of the grafted chains at constant matrix
mass. The second important purpose of this article is to link the
dispersion of the particles with the conformation of the grafted
brushes. We recently showed through a refined combination of
X-rays and neutron scattering that we could directly observe the
conformation of the grafted brushes inside the nanocomposite.21

By comparison with the conformation of the grafted corona in
solution, we showed a compression in the composite, a “wet” to
“dry” conformational transition, which illustrates the competi-
tion between the mixing entropy of grafted and free chains and
the elastic deformation of the grafted chains.

In this contribution, two main questions will then be addressed:
first, the relationbetween the conformationof the graftedbrush and
the dispersion state, second the correlation between the dispersion
and the macroscopic mechanical response of the material.

II. Material and Methods

1. Synthesis of the Grafted Nanoparticles. We developed
our own versatile polymer-grafted nanoparticles synthesis

method.19 This method, based on nitroxide-mediated poly-
merization (NMP), consists of binding covalently the alkoxy-
amine (which acts as an initiator and controlling agent) to
the silica nanoparticles surface in two steps, and then poly-
merize from the alkoxyamine-functionalized surface of the
particles (“grafting from” method). For the grafting of the
initiator, the first step is a reaction between aminopropylsi-
lane and the silica particles in order to functionalize the par-
ticle surface with an amino group, and in a second step, the
initiation-controlling alkoxyamine moiety is introduced via
an overgrafting reaction between the amino group and the
N-hydroxysuccinimide-based MAMA-SG1 activated ester
(MAMA-NHS Scheme 1a). The initiator-grafted particles
are then ready for the polymerization, which is performed at
120 �C, in the presence of free alkoxyamine MAMA-SG1
(Scheme 1b) (for a better control of the polymerization). To
simplify both their chemical transformation and the polym-
erization step, the native silica particles, initially dispersed in
water, are transferred to an organic solvent, dimethylacet-
amide (DMAc),which is also a good solvent of the polystyrene.
The synthesis parameters were optimized to maximize graft-
ing density, conversion rates, and enhance synthesis reproduc-
ibility, while keeping the colloidal stability and avoiding any
aggregation of silica particles (which could be induced by the
change in interparticles interaction during the synthesis). After
synthesis, the final grafted objects are purified and the non-
grafted polymer chains formed in the solvent washed out by
ultrafiltration. The grafted particles were studied using small
angle neutron scattering (SANS) coupled with a neutron con-
trast variation method from which we can extract a complete
description of the grafted objects: number and mass of the
grafted chains, number of particles. Using this first synthesis
method, we synthesized two batches of particles grafted with
deuterated PS chains: Mn grafted = 24000 g/mol, PDI=1.3
andMn grafted=24400 g/mol, PDI=1.27, similar chain length,
polydispersity and grafting density (0.19 chains/nm2). Alter-
natively to this first route, we also developed a new route20

to obtain grafted nanoparticles with tunable grafted chain
length, by replacing the free initiator in solution by the
controller agent (SG1) (Scheme 1c) at the beginning of
the polymerization process. This allowed us to obtain four
batches of grafted nanoparticles with hydrogenated PS chains
ofMn grafted=5300 g/mol,Mn grafted=19000 g/mol,Mn grafted=
32000 g/mol, andMn grafted=50000 g/mol.Grafting densities
are comprised between 0.15 and 0.20 chains/nm2.

2. Preparation of Nanocomposites. The preparation of
nanocomposites follows the process developed in the labora-
tory as described by Jouault et al.3 The grafted nanoparticles,
dispersed in theDMAcaremixedwitha concentrated solution
of atactic PS (10%v/v, also inDMAc), ofMn=140000 g/mol

Scheme 1
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(Aldrich, PDI=2, used as received) or Mn=98 000 g/mol
(PDI=1.7, synthesized by classical radical polymerization),
at various fractions of particles ranging from 0 to 15% v/v.
The mixtures are stirred (using a magnetic rod) for 2 h. They
are then poured into Teflonmolds (5 cm�5 cm�2.5 cm) and
let cast in an oven at constant temperatureTcast=130 �Cdur-
ing 1 week. This method of preparation enables us to obtain
stable films whose local structure does not evolve with time.
This yields dry not crystallized films of dimensions 5 cm �
5 cm � 0.1 cm (i.e., a volume of 2.5 cm3). Disks are then cut
out of the films (diameter 1 cm, thickness 1mm) for the plate-
plate oscillatory shear cell.

3. SAXS/USAXS Experiments. SAXS experiments were
done at the ESRF at the high brilliance small-angle X-ray
scattering beamline (ID2) using the pinhole configuration
at single energy (12.46 keV) and two sample-detector distances
1.5 and10mcovering a scattering vectorQ range from0.5down
to 0.001 Å-1. Complementary ultrasmall X-ray (USAXS)mea-
surements were done using the available Bonse-Hart camera
allowing exploring a Q range from 0.0001 to 0.01 Å-1.

4. Transmission Electronic Microscopy. In order to com-
plete at larger scale the SAXSanalysis of the nanocomposites
structure, conventional TEM observations were also per-
formed on the composite materials. The samples were cut at
room temperature by ultramicrotomy using a LeicaUltracut
UCT microtome with a diamond knife. The cutting speed
was set to 0.2mm 3 s

-1. The thin sections of about 40 nm thick
were floated on deionized water and collected on a 400-mesh
copper grid. Transmission electronmicroscopywas performed
on a FEI Tecnai F20 ST microscope (field-emission gun op-
erated at 3.8 kV extraction voltage) operating at 200 kV.
Precise scans of various regions of the sample were system-
atically done first at small magnification, then at increasing
magnification. The slabs observedwere stable under the elec-
tron beam. The sample aspect was the same in every spot of
every piece, and typically, 10 different slabs were observed.
The pictures presented in the following are completely rep-
resentative of the single aspect of the sample, which appears
on average to be homogeneous.

5. Oscillatory Shear Small Deformation Tests. Shear tests,
corresponding to low deformation levels (0.5%), were car-
ried out in the dynamic mode in strain-controlled conditions
with a plate-plate cell of anARES rheometer (Rheometrics-
TA) equippedwith an air-pulsed oven. This thermal environ-
ment ensures a temperature controlwithin 0.1 �C.The samples
are placed between the two plates (diameter 10 mm) fixtures
at high temperature (180 �C), far above the glass transition,
put under slight normal stress (around0.5N), and temperature
is decreased progressively, while gently reducing the gap to
maintain a constant low normal stress under thermal retrac-
tion. The zero gap is set by contact, and the error on sample
thicknesses is thus minimal and estimated to(0.010 mm with
respect to the indicated value. Slipping artifacts are noticeably
reduced by this procedure, as checked by its reproducibility,
and also by a sweeping in amplitude, at constant pulsation,
which alsomakes it possible to determine the limit of the range
of linear deformation.To staybelow this limit, the shear ampli-
tude is fixed to 0.5%. Samples are stabilized at the temperature
for 30 min before starting measurements. The reproducibility
was first tested on pure PS samples with an average of five
repeatedmeasurements, permitting an estimationof variations
which is found to be of about 10%. In dynamic mode, the fre-
quency range is from0.5 to100 rad/s for different temperatures
(from 160 to 120 �C), and time-temperature superposition is
applied. The obtained multiplicative factor can be adjusted to
WLF law22 as follows: log(aT)=C1(Tref-T )/C2þ (T-Tref),
where aT is the multiplicative factor, Tref is the reference

temperature of the master curve (in our case 143 �C), T is the
temperature of the measurement, and C1 andC2 are theWLF
parameters.We foundC1=6.19 andC2=97.23 �C,which are
commonly obtained values for PS.

III. Results

1. Dispersion of the Grafted Nanoparticles in the Nanocom-
posite. 1.1.Varying theMass of theMatrixChains.The first
systemwe analyzed is a set of nanocompositesmade of nano-
particles grafted with short chains (Mn grafted= 24000 g/mol)
introduced in a matrix of longer chains (Mn matrix = 140 000
g/mol), corresponding to a grafted/free chains length ratio
R of 0.17. Four films containing silica volume fraction of
ΦSiO2

= 4, 7, 9.5, and 11% v/v were formed. The X-rays
scattering, dominated by the strong contrast between the silica
particles and thepolymer, reveals the dispersionof theparticles
inside themelt without discrimination between the grafted and
the free polymer chains. The corresponding scattered intensi-
ties are reported on the Figure 1a as a function of the wave
vectorQ. The scattering coming from the purematrixwas sub-
tracted according to the following equation I=Inanocomposite-
(1 - ΦSiO2

) � Imatrix. In the low Q region close to 10-4 Å-1,
we can observe a strong increase of the intensity (decreasing
as a function ofQ-3) due to the formation of voids domains
inside the composite during the filmprocessing.23 In the large
Q region, all curves superimpose nicely indicating the good
corrections by the sample thicknesses and the silica volume
fractions. In this region, the intensity decreases as a function
ofQ-4, which is a classical scattering behavior of flat surfaces
in a continuous medium characteristic of silica particles. At
glimpse, the scattering patterns present several features: at
4� 10-2 Å-1, we observe a first oscillationwhich is related to
the form factor of the silica particles. This form factor, deter-
mined from the scattering of an aqueous dilute solution of
particles,19 can be easilymodeledwith thewell-known sphere
form factor convoluted with a log-normal dispersion of 0.14
(slight polydispersity of the silica particles) around a mean
sphere radius of 134 Å (see the full black line in Figure 1a).

Figure 1. USAXS and SAXS scattering curves of PS nanocomposites
(Mn matrix = 140000 g/mol) filled with PS grafted silica nanoparticles
(Mn grafted= 24000 g/mol) corresponding to a grafted-free chain length
ratioR=0.17 as a function of the particles concentration (4, 7, 9.5 and
11% v/v). The pure matrix contribution has been subtracted and the
curves have been normalized by the silica concentration. The full black
line is the calculated form factor of a single particle (see text).
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At 2 � 10-2 Å-1, we observe a strong peak whose position,
noted Q*, does not vary with the silica volume fraction. The
presence of this peak and its behavior with the particle con
centration is a first indication of particles aggregation inside
the polymer matrix. Indeed, from the peak position, we can
deduce the mean distance D between the center of masses of
the particles in the real space using the relation Q*=2π/D.
The resulting calculated distance D = 314 Å is close to the
one for particles in close contact. Between Q=10-2 and
10-3 Å-1, we observe a strong increase of the intensity, which
indicates that we observe now objects bigger than the single
particle: this confirms the aggregation of the grafted particles
inside the film. Again in this range, the scattered intensity
varies as Q-4, meaning that at the corresponding scale, the
aggregates behave as compact. Finally, between 10-3 and
2� 10-4 Å-1, we see a second maximum, noted here asQ**,
whose position and intensity change with the particles concen-
tration: the position is shifting toward the small Q values and
the intensity increases when the silica content increases. From
the position of the peak, we can extract the mean distance
between the center of masses of the aggregates, D = 2π/Q**
equal respectively to 0.65, 0.85, 1.15, and 1.60 μmforΦSiO2

=4,
7.5, 9, and 11% v/v. We can also estimate the number of silica
particles per aggregates by assuming a cubic network: Nagg=
D3ΦSiO2

/(4/3πRparticles
3), which gives 1000, 4200, 13100, and

40900particles per aggregate forΦSiO2
=4, 7.5, 9, and 11%v/v.

To summarize, inside the matrix, the grafted particles of form
factor Pparticles arrange in close contact according to an inter-
particle structure factor Sinter-particle, to form compact aggre-
gates of form factor Paggregates. The size of the aggregates and
the distance between them, illustrated with a repulsive inter-
aggregates structure factor Sinter-aggregate, increases with the
particles content. This picture, extracted from the behavior in

Q space, is nicely confirmed by direct observation in real space
with the microscopy experiments (TEM) presented in Figure 2
for two particles concentrations: 4 and 11% v/v, at low (parts
a and c) and high magnification (parts b and d). At low mag-
nification and low particles content, we can observe the well-
dispersed organization of small-sized aggregates of grafted
particles, an organization which is preserved up to the micro-
meter scale. The typical sizes and interparticle distances de-
duced from SAXS and USAXS analysis are confirmed here
and increase with ΦSiO2

. The largest magnification picture
confirms the evolution of the number of grafted particles per
aggregates as a function of the particle content.

In a second step, we obtained and observed a different
situation: we still used the same molecular mass of grafted
chains (Mn grafted=24 400 g/mol), but reduced the mass of
the freematrix chains (Mn matrix=98 000 g/mol), which gives
a chain mass ratio R=0.25. Four films at four particles
content (ΦSiO2

=5, 9, 12 and 14% v/v), still using the same
film processing conditions, are again characterized byX-rays
scattering experiments (Figure 3). In the largeQ domain, the
intensities normalized by the particles content show the same
behavior than for the previous films: the scattering is domi-
nated by the signal of the single silica particles illustrated
with the poly disperse sphere form factor calculation in full
black line (R=134 Å, σlog-normal= 0.14). On the reverse, the
lower Q behavior is different: around 0.01 and 0.02 Å-1, we
see a correlation peak, whose intensity and position,Q*, now
varies with ΦSiO2

: the intensity increases and the position is
shifted toward higherQ values while increasing the particles
content. However, the main difference with the previous set of
data is the vanishingof the strong increase of the intensity in the
lowQ region (previously varying asQ-4) and of the correlation
peak Q** between aggregates around 5 � 10-4 Å-1. There is

Figure 2. Transmission electronic microscopy on the nanocomposites (Mn matrix=140 000 g/mol) filled with 4% v/v of grafted silica particles
(Mn grafted=24000 g/mol) (the grafted-free chain length ratio R = 0.17) at low (a) and medium (b) magnification and filled with 11% v/v of grated
particles at low (c) and medium (d) magnification.
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only a slow increase of the intensity left in the low Q range,
which comes from the scattering of crazes, the voids domains
which form during the film processing. This is a strong indica-
tion that the particles are now individually dispersed inside the
polymer matrix for this chain length ratio. This also matches

with the variation ofQ* around 0.01 and 0.02 Å-1 withΦSiO2
,

which thus corresponds to particles coming closer when more
concentrated. This Q space evidence of the grafted particles
perfect dispersion inside the polymer matrix is one again nicely
confirmed in the real space by TEM, in Figure 4 for two parti-
cles volume fractions, 5% and 14% v/v. From high mag-
nification (Figure 4, parts b and d) up to lower magnifica-
tion (Figure 4, parts a and c), one can see that the dispersion
is homogeneous until the micrometer scale. The reduction of
the interparticle distance with increase of concentration is also
clearly highlighted.

1.2. Varying the Mass of the Grafted Chains. The disper-
sion of the grafted nanoparticles inside a polymer matrix can
then be probed as a function of the grafted/free chain mass
ratio with fixed free chains mass (Mn matrix = 140 000 g/mol)
and variable grafted chains mass. Four nanocomposite
films were prepared and measured by SAXS as previously
(Figure 5). The silica content is fixed at 5% v/v and the
grafted/free chain length ratio is varied fromR=0.04, 0.14,
0.23, to 0.36 by the use of particles with grafted chainsmasses
of respectively Mn grafted = 5200, 19 000, 32 000, and 50 000
g/mol. In the large Q domain, all the normalized curves su-
perimpose perfectly and the scattering is, as in both the pre-
vious cases, proportional to the form factor of single silica
particles. In the intermediate Q range, we can observe a cor-
relation peak of abscissa Q* moving toward the small Q
values while increasing the mass ratio R, indicating that the
interparticles distance increases alongwith the grafted chains
mass. Two different behaviors appear then, especially in the
low Q domain: for the three lower values of R= 0.04, 0.14,
and 0.23, we observe a strong increase of the scattered inten-
sity, similar to the case of R=0.17 in Figure 1 and char-
acteristic of dense aggregates. Conversely, for the highest

Figure 3. USAXS and SAXS scattering curves of PS nanocomposites
(Mn matrix = 98 000 g/mol) filled with PS grafted silica nanoparticles
(Mn grafted= 24 400 g/mol) corresponding to a grafted-free chain length
ratioR=0.25 as a function of the particles concentration (4, 9, 12, and
15% v/v). The pure matrix contribution has been subtracted and the
curves have been normalized by the silica concentration. The full black
line is the calculated form factor of a single particle (see text).

Figure 4. Transmission electronicmicroscopy on the nanocomposites (Mn matrix=98000 g/mol) filledwith 5%v/v of grafted silica particles (Mn grafted=
24400 g/mol) (the grafted-free chain length ratioR=0.25) at low (a) andmedium (b) magnification and filled with 14% v/v of grated particles at low
(c) and medium (d) magnification.
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value of R = 0.36, the intensity at small Q is close to a pla-
teau, as for the case R=0.25 in Figure 3, corresponding to a
complete dispersion of the particles. So by varying the grafted
chains mass, and thus varying the chains length ratio from
R = 0.04 to R = 0.36, we are able to observe a transition:

between the formation of dense aggregates of grafted nano-
particles for R< 0.24, and the complete dispersion of the
grafted nanoparticles for R>0.24. This transition is con-
firmed by TEM pictures shown in Figure 6, where we see
directly the formation of aggregates forR=0.04 (Figure 6a),
R = 0.14 (Figure 6b), and R = 0.23 (Figure 6c) and a com-
plete dispersion for R = 0.36 in Figure 6d. We also see dis-
tinctly that the interparticles distance increases along with the
grafted chains mass.

2. Interparticles Structure Factor Sinter-particle. The combi-
nation of scattering and imaging methods showed that,
whatever the way of varying the grafted over free chains
mass ratio R (at constant grafted chain mass or at constant
matrix mass), we observe a transition between the formation
of compact aggregates of grafted nanoparticles, for R <
0.24, and a complete dispersion of the grafted nanoparticles
inside the matrix for R > 0.24. We will now analyze more in
details the interparticles structure factor, which can provide an
indirect determination of the thickness of the polymer corona
grafted around the nanoparticles. We first analyze the case
described in Figure 3 and 4, i.e., R=0.25, corresponding to a
complete dispersion of the nanoparticles. Following the gen-
eral behavior of the scattering intensity from particles:

I∼Δr2ΦνparticlePparticlesðQÞSinter-particleðQÞ ð1Þ
(with ΔF2 as the contrast term), the interparticles structure
factor can be extractedbydividing the total scattering intensity
with the particle form factor:

Sinter-particleðQÞ∼I=PparticlesðQÞ ð2Þ
Since we measured the form factor of our silica particles,

such operation can be easily done by dividing the total

Figure 5. SAXS scattering curves of PS nanocomposites (Mn matrix =
140 000 g/mol) filled with 5% v/v of PS grafted silica nanoparticles with
variable grafted chain length Mn grafted= 5300, 19000, 32 000, and
50 000 g/mol corresponding to grafted-free chain length ratiosR=0.04,
0.14, 0.23, and 0.36. The pure matrix contribution has been subtracted
and the curves have been normalized by the silica concentration. The full
black line is the calculated form factor of a single particle (see text).

Figure 6. Transmission electronic microscopy on the nanocomposites (Mn matrix= 140 000 g/mol) filled with 5%v/v of PS grafted silica nanoparticles
with variable chain lengthMn grafted= 5300 g/mol,R=0.04 (a),Mn grafted= 19000 g/mol,R=0.14 (b),Mn grafted= 32 000 g/mol,R=0.23 (c), and
Mn grafted = 50000 g/mol, R = 0.36 (d).
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intensity with the full black line from Figure 4 (representing
the single silica particle form factor). The result is presented
in Figure 7a (for silica contentΦSiO2

= 4, 9, 12, and 14%v/v.
While increasing ΦSiO2

the peak position moves toward
higher Q values and its intensity increases, indicating a de-
crease of the interparticles distance and (increase of the
interparticles interactions). The interparticles structure fac-
tor can bemodeled by the Percus-Yevickmodel,24 forwhich
an analytical solution was calculated by Wertheim, for a
hard spheres system:25 it models the interactions between
noncharged hard spheres. This model mainly depends on
two parameters: the volume fractionΦeff and the radius Reff

of the interacting particles. The best adjustments are pre-
sented in Figure 7b for all silica volume fractions. A rather
good agreement is found between the experimental data and
the model, even if the calculation does not take into account
the polydispersity of the particles.

Knowing RSiO2
from our previous solution measurements

(RSiO2
=134 Å), we can extract the thickness of the grafted

layer on particles, assuming the parameters of the Percus-
Yevick to be related to the whole particles: polymer corona
plus silica sphere. Then the Reff represents the radius of a
grafted particle Rgrafted particle, and the thickness e of the
corona is easily obtained by:

e ¼ Reff -RSiO2
ð3Þ

The volume fraction of the grafted particles can be ex-
pressed as:

Φgrafted particles ¼ Nνgrafted particles=V ð4Þ
with N the number of particles and V the total volume. The
silica volume fraction can be expressed as well:

ΦSiO2
¼ NνSiO2

=V ð5Þ
Combining 4 and 5 allows expressing a modeled grafted

particle volume fraction as a function of the silica volume frac-
tion, the radiusRSiO2

of the silica particles, and the thickness e

of the grafted polymer layer:

Φmod
grafted particles ¼ ΦSiO2

½1þ e=RSiO2
�3 ð6Þ

Besides, from thermo-gravimetric analysis (TGA) on the
dry grafted particles, we know the mass ratio between silica
and polymer and are then able to estimate an experimental
volume fraction of grafted particles,Φexp

grafted particles. If the
approximation Reff = Rgrafted particles is appropriate, both
theseΦgrafted particles should be similar toΦeff. All the param-
eters useful for the fitting procedure (ΦSiO2

,Φexp
grafted particles)

or deduced from it (Reff, Φeff, e, Φmod
grafted particles) are

reported in Table 1. We find a good agreement between Φeff

and Φexp
grafted particles, which justifies the assimilation of the

“interacting particles” from the Percus-Yevick model with
the grafted particles. Φmod

grafted particles is also pretty close to
both these parameters, which is one more justification of this
assimilation. Besides, the effective radius of particles, and
therefore the thickness of the polymer coronas as well, appear
to be quite independent of the silica content

The interparticle structure factor was also derived for the
chain length ratio R = 0.17 (Mn grafted = 24 000 g/mol and
Mn Matrix=140 000 g/mol). Here too, it is obtained by di-
viding the total intensities (Figure 1) by the form factor of the
silica particle (full black line). The result is presented in
Figure 8a for different silica contents (4, 7, 9.5, and 11% v/v).
The modeling is shown in Figure 8b for each silica concentra-
tion and the fitting parameters reported inTable 2.Oncemore
there is a good agreement between model and experiment. In
this case where the grafted particles form compact aggregates
inside the polymer matrix, the effective volume fraction of
particle corresponds to a number of particles per aggregate
and is thus very high, around 40%v/v. This value then cannot
be directly expressed as a function of the number of grafted
particles and compared with the volume fraction of grafted
particles as for the previous well-dispersed case. However, the
indirect evaluation of the thickness of the grafted corona e
from the radius of particles deduced from the Percus-Yevick

Figure 7. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 3) by the silica form factor (full black
line in Figure 3) for dispersed grafted nanoparticles (Mn grafted=24 400 g/mol) in a 98 000 g/molmatrix (R=0.25) at the four particle contents. (b) Fits
with the Percus-Yevick model (full black line) for each particle content.
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fits is still valid inside an aggregate.We observe that the thick-
ness e, still independent of the silica content, is smaller of about
a factor two compared to the layer thicknesses corresponding
to well-dispersed particles (Table 1): average value was then
around 60 Å, and is now around 30 Å.

Finally, we analyzed the evolution of the interparticle
structure factor when varying the grafted chains mass ratio
R at constant matrix mass. It is again calculated by dividing
the total intensities (Figure 5) with the form factor of the
silica particles. The interparticles structure factors are pre-
sented in Figure 9a for R=0.04, 0.14, 0.23, and 0.36. The
Percus-Yevick modeling is shown in Figure 9(b) and the
corresponding fitting parameters are reported in Table 3.
The results correspond to the transition between the aggre-
gation and the good dispersion of the particles previously
observed when increasing the chain length ratio R. For the
first three values (R=0.04, 0.14, and 0.23), the high value
(∼40%) of the effective volume fraction of the particles
deduced from the fit, reflects the particles aggregation: this
Φeff is then about four times higher than theΦexp

grafted particles

deduced from TGA. For the last value (R=0.36), we find a
good agreement between Φeff and Φgrafted particles (both
Φexp

grafted particles andΦmod
grafted particles), illustrating the good

dispersionof the particles.Yet independently of the dispersion
state of the particles, we can still extract the thickness e of the
grafted polymer layer from the radius of the particles deduced

from the fit, except for theR=0.04 (forwhich the effective ra-
dius is very close to theoneof the naked silicameaning that the
layer thickness is below the limit of detection of the method,
which is estimated to be of the order of 10 Å).

3. Mechanical Behavior. We investigated the mechanical
response of the composites for both the dispersion states de-
scribedpreviously: completedispersion, and large andcompact
aggregates. We used oscillatory shear measurements at small
deformation (amplitude 0.5%) with a plate-plate rheometer
ARES. The evolution of the elastic modulus G0 and G0’ was
determined as a function of the filler content (% v/v) for the

Table 1. Fitting Parameters of the Inter-Particle Structure Factor by the Percus-YevickModel for theChain LengthRatioR=0.25 as a Function
of the Silica Volume Fraction (Particles Dispersed Inside the Polymer Matrix)

silica volume
fraction ΦSiO2

a
experimental grafted particles volume

fraction Φexp
grafted particles

a
effective volume
fraction Φeff

b
effective radius of
particles Reff

b
thickness of the
grafted corona ed

modeled grafted particles volume
fraction Φmod

grafted particles
c

5 14 11 189 55 14
9 26 24 198 64 29
12 36 31 195 61 37
14 42 34 187 53 38

aExperimental values. bDeduced from the fit with the Percus-Yevick model. c e= Reff - RSiO2
with RSiO2

=134 Å. dDeduced from eq 6 (see text).
Volume fractions are in % [v/v], lengths in Å.

Figure 8. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 1) by the silica form factor (full black
line in Figure 1) for aggregated grafted nanoparticles (Mn grafted = 24000 g/mol) in a 140000 g/mol matrix (R = 0.17) at the four particle contents.
(b) Fits with the Percus-Yevick model (full black line) for each particle content.

Table 2. Fitting Parameters of the Inter-Particle Structure Factor by
the Percus-Yevick Model for the Chain Length Ratio R= 0.17 as a
Function of the Silica Volume Fraction (Particles Aggregated Inside

the Polymer Matrix)

silica
volume
fraction
ΦSiO2

a

experimental grafted
particles volume
fraction Φexp

grafted

particles
a

effective
volume
fraction
Φeff

b

effective
radius of
particles
Reff

b

thickness of
the grafted
corona ec

4 12 40.5 162 28
7.5 21 44 167 33
9 28 44 169 35
11 32 44.5 171 37
aExperimental values. bDeduced from the fit with the Percus-

Yevick model. c e = Reff - RSiO2
with RSiO2

=134 Å. Volume fractions
are in % [v/v], lengths in Å.
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complete dispersion, obtained with a grafted/free chain length
ratioR=0.25 (Mn grafted=24400g/mol,Mnmatrix=98000g/
mol) (Figure 10 (a),G0 and10 (b),G00), and for the case of dense
aggregates of grafted particles, for R = 0.17 (Mn grafted =
24000 g/mol,Mn matrix=140000 g/mol) (Figure 10 (c),G0 and
10 (d), G00). The two matrices (98 000 and of 140 000 g/mol)
used as references do not show significant differences as a func-
tion of the frequency, indicating that their contribution are
similar for the two kinds of dispersion and will not influence the
comparison of the nanocomposites. Whatever the silica content
and the dispersion state, the curves (G0 and G00) superimpose
perfectly in thewholehigh frequencies range (above0.1 rad 3 s

-1).
Thismeans that the short characteristic times (theRousemodes)
of the polymer matrix are not affected by the fillers. Conversely,
in the lower frequencies domain (between 10-3 and 0.1 rad 3 s

-1),
weobserve, especially on theG0, an increaseof themodulus.This
can be associated with the apparition of a longer time in the
relaxation modes of the polymer chains, becoming longer with
increasing filler content. In addition, the effect seems to be more
pronounced for the aggregated case than for the dispersed one.
Sucha long-timeeffect at lowfrequencies canbe seenasaprocess
analogous to a liquid-solid transition inside the materials,
whose origin can be interpreted in different ways. One of the
main view postulates that the transition is associated with the

formation of a connected network of the filler. This can be a
direct connection3,26 or a specific interaction between the
particles15,27,28 but also an indirect connection through the
polymer chains. In addition, some interfacial effects can also
contribute: mobility of the polymer chains at the interface
with the fillers is modified because of confinement.29,30

IV. Discussion

We address the dispersion mechanisms of a model nanocom-
posite, formed by silica nanoparticles grafted with PS chains and
spread inside a PS matrix, as a function of the key parameter
R. Dispersion can be tuned either by coupling fixed grafted chains
length (Mn grafted =24 000 g/mol) with variable free matrix chain
length (Mn matrix=98000 or Mn matrix=140 000 g/mol), or by
coupling variable grafted chain length (Mn grafted = 5300, 19 000,
32 000 and 50000 g/mol) with fixed free chains length (Mn matrix=
140 000 g/mol): we cover then a wide range of values from R =
0.04 up to 0.36. This specific approach allowed us to obtain a
clear and unambiguous result:

When R< 0.24, the grafted nanoparticles organize inside the
polymer matrix as dense and large aggregates, which size and
distance between eachother increase alongwith the silica content.

When R>0.24, the grafted nanoparticles form a repulsive
well-dispersed organization inside the polymer matrix: while

Figure 9. (a) Interparticle structure factor S(Q) deduced from the division of the total scattering intensity (Figure 5) by the silica form factor (full black
line in Figure 5) as a function of the chainmass ratioR: matrix ofmassMn matrix= 140 000 g/mol filled with 5% v/v of silica nanoparticles with grafted
chain massMn grafted= 5300, 19000, 32000 and 50 000 g/mol corresponding toR=0.04, 0.14, 0.23 and 0.36. (b) Fits with the Percus-Yevick model
(full black line) for each chain length ratio R.

Table 3. Fitting Parameters of the Inter-Particle Structure Factor by the Percus-Yevick Model at Fixed Silica Volume Fraction of 4.5% v/v for
Various Chain Length Ratios R

chain length
ratio Ra

experimental grafted particles volume
fraction Φexp

grafted particles
a

effective volume
fraction Φeff

b
effective radius of
particles Reff

b
thickness of the
grafted corona ec

modeled grafted particles volume
fraction Φmod

grafted particles
d

0.04 9 40 115
0.14 9 41 146 12
0.23 12 40 180 46
0.36 17 18 207 73 17

aExperimental values. bDeduced from the fit with the Percus-Yevick model. c e= Reff - RSiO2
with RSiO2

= 134 Å. dDeduced from eq 6 (see text).
Volume fractions are in % [v/v], lengths in Å.
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increasing the silica content, the mean interparticles distance
decreases, according to a classical volume compression process.
Using the Percus-Yevick hard-spheremodel to fit our interparti-
cles structure factor, we extracted the thickness e of the polymer
layer grafted around the particles. In the case of complete dis-
persion, the values (53 Å< e<64 Å forR=0.25 and e=73 Å
for R=0.36) obtained with this indirect method are to compare
with the ones calculated in our previous work (e=62 Å forR=
0.25, 0.43, and 0.71), in which the thickness was determined in a
direct way using a specific neutron contrast technique.21 As the
thickness of the grafted layer depends intrinsically on the length
of the grafted chains, we normalized the thicknesses e of the graft-
ed layers by the radius of gyrationRg for Gaussian conformation
(Rg= 0.275M1/2 for polystyrene). The results deduced from both
the ways of determination are reported as a function of R in
Figure 11. We see an excellent agreement between the two
methods. Besides, we observe that the transition between com-
plete dispersion and formation of aggregates is accompanied by a
significant reduction of the normalized thickness of the grafted
polymer layer: by about a factor of 2. These results show that the
dispersion can be tuned by a refined control of the grafted/free
chains wetting properties.

These observations can be qualitatively described considering
the total free energy as a combination of a mixing entropy term
between the grafted and the free chain and an elastic term of

compression or stretching of the grafted brushes. For R < 0.24,
according to a depletion process, entropic expulsion of the free
chains from the grafted corona is observed, and the corona even-
tually collapses. The resulting short-ranged interparticles potential
induces therefore aggregation. For R > 0.24, the free chains can
partly swell the grafted corona which is then more extended and
creates a repulsive long-ranged interparticles potential, favoring
the complete dispersion of the particles. If these observations are
qualitatively in agreement with theoretical considerations,8,10,11,31

open questions remain to be clarified, especially concerning the
parameter fixing the R value separating dispersed from aggre-
gated state. Indeed, we obtained a complete dispersion for value
below R= 1, which is the theoretical limit below which no com-
plete wetting is possible. Similar observations are reported in the
literature32-34 and are usually explained by kinetic effects, related
to the processing conditions of the systems: the observed dis-
persed state is indeed ametastable state, inwhich particles should
aggregate but cannot move anymore because of solvent evapora-
tion. The depletion effects being stronger for larger differences
in chain lengths, and stronger depletion then inducing quicker
aggregation, it explains why we see aggregates for larger chains.
Another explanation could be the presence of an interpenetration
domain35 between the grafted and the free chains, even when the
free chains are longer than the grafted chains, which would then
allow dispersion. This idea is supported by the fact that the

Figure 10. Elastic shear modulus as a function of pulsationω, using time-temperature superposition (T0 = 143 �C) coefficient aT defined in the text,
for different volume fractions (% v/v) of grafted particles in the composite for two dispersion state of the particles inside the polymer matrix: (a) G0,
(b) G0 0 complete dispersion of the particles inside the matrix corresponding to the grafted/free chain length ration R = 0.25 and (c) G0, (d) G0 0,
aggregation of grafted particles inside the matrix corresponding the grafted/free chain length ratio R = 0.17.
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dispersed state corresponds to a collapse of the grafted chains
which is only partial (e=50-70 Å), in comparisonwith the com-
plete collapse observed for the aggregated state (e = 30-40 Å)
and the totally expanded conformation observed in solution (e=
120 Å), corresponding to wet brushes (R . 1). In addition, the
surface curvature,36 which can come in play for spherical parti-
cles, and the polydispersity of the grafted and of the matrix
chains, constitute two other relevant contributions which could
also have an influence on the transition between aggregated and
individual particles. To progress in the understanding of the
experimental limiting R parameter, varying the grafting density
would certainly be an interesting method of investigation.

The direct correlation between the local structure and the
macroscopic rheological response of a material is in many cases
difficult to establish. At first order, the mechanical response of our
nanocomposites as a function of the two dispersion states, aggre-
gated particles or dispersed ones, shows inboth cases the apparition
of a much longer relaxation time in the low-frequencies range,
which appears to be more pronounced in the case of aggregates.
Because of grafting and as revealed by the entire dispersion study,
the observed rise in time, which has some features of a liquid-solid
transition, cannot be interpreted as a direct percolation3,26 of the
silica fillers or of the compact aggregates. However, it could be the
signature of the formation of an indirect network by means of the
grafted layer. For the individual dispersion, the particles come in
brush-to-brush contact at ΦSiO2

=12% v/v, illustrating that the
observed liquid-solid like transition could be related to the direct
contact between grafted brushes. It was already observed in other
well dispersed and diluted systems.15,27,28 In the case of aggregated
particles, the aggregates are not connected, but dispersed in a
matrix which is liquid at the considered frequencies (ω*aT =10-2

rad 3 s
-1). Moreover, the large distances between aggregates in-

crease with silica content, while the modulus also increases: this is
contradictory with a confinement effect between aggregates. Such
behavior is indicative that at this given frequency, the elastic
modulus of the filled nanocomposite should only be depending
on short-ranged phenomena, governed by the interparticle inter-
actions. No additional long-range contribution, as already shown
in nanocomposites showing fractal dispersion,3 seems to be ob-
served. The short-range interparticles effects could be related to the
interpenetration between the grafted brushes, which becomes then
dominant compared to the interaction between grafted and free
chains. Besides, confinement can also alter the dynamics of chains

grafted to particles, especially by slowing-down effects. Finally,
this new relaxation could also be related to the intrinsic relaxation
of the polymer-silica aggregates, depending on the aggregates
sizes. However, such interpretations remain to be experimentally
validated, for instance by probing directly the dynamics of the
chains with inelastic neutron scattering experiments.

V. Summary and Conclusion

Using a combination of refined synthesis of polymer-grafted
nanoparticles with a controlled formation process of nanocom-
posites films, we investigated the complex problem of the disper-
sion of polymer grafted particles inside a matrix of the same
polymer (PS). For a given intermediate density of grafted chains,
the dispersion of the particles inside the films was analyzed with
complementary scattering (SAXS/USAXS) and imaging (TEM)
techniques as a function of the particle content. The relevant
parameter in this case is the grafted/free chains length ratio R,
which can be tuned either at fixed grafted chains length, by
varying the molecular mass of the free chains, or at fixed molec-
ularmass for the chains of thematrix, by varying the length of the
grafted chains. In the probed range of the R parameter always
below 1 in our case, between 0.04 and 0.36, we demonstrate the
possibility of two dispersion states of the grafted particles inside
the polymer matrix: for R below 0.24, the particles arrange in
compact and large aggregates whose size and interaggregate dis-
tance increase when increasing the particle content. For R above
0.24, the particles form a complete well-defined repulsive orga-
nization inside the matrix, where interparticles distance decreases
while increasing the silica content, without any aggregation.
From the analysis of the interparticle structure factor, we in-
directly extract the thickness of the spherical grafted brushes and
correlate it with the dispersion state: aggregation of the particles
is clearly associated with a significant collapse of the spherical
grafted brushes. These results, showing the tuning of the disper-
sion by a refined control of the grafted/free chains wetting prop-
erties, are in qualitative agreement with the theoretical descrip-
tion of the dispersion mechanisms but also lead to questionings
about the numerical value of R separating the two dispersion
states. The mismatch with the expected theoretical frontier of
R=1 can be linked to the possible existence of an interdiffusion
zone between the grafted and free chains, along with processing
kinetics, surface curvature and chains polydispersity effects.
Finally, mechanical analysis shows the appearance of a longer
relaxation time at low frequencies more pronounced for the aggre-
gates. The observed liquid-solid like transition can be attributed
to the contact between the grafted brushes for the individual
dispersion, while modulus increase for the aggregates seems to
be also dominated by a short-ranged contribution, with no sig-
nificant effect of larger scale organizations. This suggests a sub-
stantial influence of the interpenetration between grafted
brushes or of grafted chains confinement, but this remains to
establish with complementary techniques to clarify the contribu-
tions of the different effects described above. Such control on the
design and the characterization of well-defined nanocomposites
and the understanding of correlations between local dispersion,
chain conformations and rheological behavior can have a sig-
nificant impact on the progresses and design of new applicative
materials.
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