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ABSTRACT: We studied by small-angle neutron scattering (SANS) the polymer chain conformation in
model silica/polystyrene (PS) nanocomposites. Using the zero average contrast method, we can properly match
silica signal to directly measure the form factor of a single PS chain. An important effort has been put to
eliminate the silica scattering using two distinct approaches (called respectively “three” and “four” components
methods) leading to analogue results. By combining SANS data with small-angle X-ray scattering (SAXS)
measurements and transmission electronic microscopy (TEM) images on the same samples, we obtain a very
clear result about the effect on polymer chain conformation of the filler dispersion, either at low filler volume
fraction, where silica arrange in small aggregates or at higher concentration where it forms a connected network.
From SANS the chain conformation in nanocomposites is identical to the one without silica in a large g range
illustrating that the chain conformation remains independent of the filler dispersion whatever the silica
connectivity or the polymer molecular weight. This result opens the way to a better overview of the polymer
chain conformation contribution, especially adsorption or chain mobility modification effects, in the complex
mechanical reinforcement mechanisms of nanocomposites. However, at low ¢, an unexpected shoulder appears
in the SANS curves: this effect does not vary in a systematic way neither with chain molecular weight nor with
silica concentration. The non reproducibility of these observations could be related to unusual phase separation

between normal and deuterated chains.

I. Introduction

The modification of polymer chains conformation at the
local scale in constraint environments (porous media, thin films,
nanocomposites, ...) can affect the macroscopic properties of
materials (conductivity, glass transition temperature, mechanical
properties, ...). In particular, polymer nanocomposites and their
impressively improved mechanical properties compared to the
pure matrix are very interesting materials for many apphcatlons -3
A real fundamental understanding of the microscopic mecha-
nisms involved here is still a challenging issue. Direct interactions
between fillers are present and important, as seen from the
important variations generated by different dispersions of the
nanoparticles in the polymer matrix.* Polymer—filler interactions
are also important, whether they are proposed to involve elastic
contributions, through modification of the chain mobility at the
vicinity of the filler inducing heterogeneities in the continuous
polymer phase.>® In all cases, knowing how much the chain
conformation is modified in the presence of fillers could be key
information from both fundamental and industrial point of view.
Small-angle neutron scattering (SANS) has been shown to be the
most suitable technique to shed a light on this class of systems,
thanks to the specific contrast variation method which let match
fillers to only measure the form factor of a single chain.

Although several works have been devoted to the chain
conformation in pure polymer bulk by SANS,” the effect of
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geometrical constraints or confinement on chain conformation
has been barely studied in the literature. Lal et al.'” have reported
on the effect of confinement on polystyrene polymers in glass
channels (Vycor) and observed the reduction of the radius of
gyration of confined chains compared to the equivalent in bulk,
due to effects transverse to these channels. Contradictory is the
observation by Nieh et al.'' of an increase in chain dimension
with increased confinement. Shin et al.'? observed that the radius
of gyration of the polymer in alumina nanopores is identical to
that in the bulk over a wide range of molecular weights and pore
diameters. Chain conformation was also investigated in thin
films, since they showed much debated changes in their properties
compared to bulk. Some experiments have revealed that chains
dimensions are unaffected in parallel direction, but modified in
normal direction, at least at intermediate scale depending on thin
films thicknesses.'> On the contrary, other authors did not
observe any change in chain conformation.'* All these observa-
tions on thin films or porous media show the controversial aspect
of chain conformation in confined environments.

The case of nanocomposites is slightly different as it does not
implicate especially a direct geometrical confinement of the
chains as for the previous cases. Some numerical simulations
provide different results for the chain arrangement depending on
the nature of the system, the molecular weight of the polymer
and the quality of filler dispersion.>™'® Others studies at more
local molecular scale on nanocomposites have been focused on
the influence of fillers on structural and dynamical properties.
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Vacatello'*?° studied model nanoparticles in short chains matrix,
with variable nanoparticles size and volume fraction. For a
nanoparticle size close to the one of the chains it has been
observed that chains form coronas around nanoparticles with
slow dynamic.”! The global conformation is affected by the
presence of nanoparticles with the radius of gyration reduced
compared to the unfilled system. Nevertheless, these results need
to be experimentally validated. As discussed above, direct struc-
tural information can be obtained by SANS, thanks to specific
contrast-matching method; however, the literature reports also in
this case contradictory results about the behavior of chain
dimension with or without fillers.**2® One of the possible origins
could be the uncertainties coming from the matching of the filler
leading to an unambiguous measurement of the chain confor-
mation. Nakatani et al.,”> Mackay et al.>* (for the C60/PS system)
and also Botti et al.** extracted the conformation of the polymer
chain from a complex scattering signal in which the interactions
between labeled and nonlabeled chains have to be taken into
account. Sen et al.®® used the zero average contrast (ZAC)
method, which cancels inter and intrachains correlations, but in
unperfected matching conditions. The only unambiguous con-
trast matched method used is the one of Mackay et al.”® with
cross-linked PS particles as fillers but concerns a very specific case
of nanocomposites filled with soft fillers. Another contribution
for this debate could be that the results are system dependent.
More precisely the structural arrangement of fillers in polymer
matrix plays an important role. It has been reported that fillers
can arrange in various dispersion according to preparation
condition,?”*® surface modification®® which thus can lead to dif-
ferent chain conformations. Several results seem to depend on the
characteristic size of the chain (R,) and of the filler network (&)
involved in the different systems. Nakatani et al.>> observed a
change in R, as a function of filler volume fraction depending on
chains sizes. For chain dimension comparable to the filler one,
they observed a decrease of chain size for all filler concentrations.
On the contrary for dimensions larger than those of the fillers, the
chain size reaches a maximum: an increase at low filler concen-
trations followed by a decrease, reaching a dimension still larger
than the unfilled polymer. From these results it appears that good
dispersion is required for increase of radius of gyration®*°
whereas others dispersion qualities,?® from small aggregates to
large agglomerates, induce no changes in chain conformation.
However, this dispersion is not systematically characterized®
leading to ambiguous influence of silica arrangement on chain
conformation. These results suggest that it is fundamental
to characterize properly the filler structure in polymer matrix
from local to large scale in order to better understand the chain
conformation.

In this context, we propose to investigate the polymer chain
conformation in a classical model system, polystyrene (PS)/silica
nanocomposites, extensively studied in the literature, which is
representative of a large class of nanocomposites especially in
term of filler dispersion and widely used for reinforcement. We
propose to study the polymer chain conformation to see whether
it will be affected by the presence of silica particles through
adsorption, bridging effect or chain mobility modification in-
duced by the filler organization as reported in the literature.®'?
Relying on an accurate control of the nanocomposites processing
conditions, we have combined small angle X-ray scattering
(SAXS) and imaging (TEM) measurements to characterize the
filler arrangements from the nano to the micro scale as a function
of the filler volume fraction together with small angle neutron
scattering (SANS) under special contrast conditions in order to
directly measure the form factor of a single chain in the presence
of fillers and access then to its conformation. We employed two
different strategies of chain deuteriation in order to measure the
single chain form factor inside the composite, namely the three
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and the four components methods. The second approach enables
the validation, without any doubt, of the perfect matching of the
silica fillers. Moreover, we have also investigated the chain SANS
signal in a wide range of scattering vector ¢ significantly extended
toward the low ¢ values region, corresponding to larger distances
in the direct space.

The paper is organized as follows. First, we will present the
zero average contrast method and describe the two different
approaches employed in this work. Second, we will describe the
silica structure by combining SAXS measurements and TEM
images. Then we will focus on the chain conformation and study
the influence of polymer molecular weight and silica volume
fraction. Finally, we will compare our two methods and discuss in
the last part the link between filler structure at the local scale and
the chain conformation.

II. Material and Methods

I1.1. Measurement of Chain Form Factor in Nanocompo-
sites: Zero Average Contrast Method. The scattering inten-
sity of a single chain in nanocomposite can be obtained
directly by SANS using the zero average contrast (ZAC)
method. This method was first used for a mix of normal, i.e.,
nondeuterated (H) and deuterated (D) chains in a solvent:
the total scattering intensity /(¢) can be expressed by the
relation 1:*°

1(q) = (pp = pu)’x(1 = x)y®NP(q)
+ (xpp+(1 = x)py — po) [PPNP(q) + VD S(q)] (1)

where py, pp, and py are respectively the scattering length
densities (SLD) of nondeuterated chains, deuterated chains,
and solvent, x is the molar fraction of D-chains, v is the molar
volume of D monomer, Vis the global volume, ® is the molar
fraction of polymer, P(g) is the form factor of one chain, and
S(q) is the interchain structure factor. When the average
contrast between polymer mix and solvent is adjusted to
Zero, 1.e.:

(xpp + (1 =x)py —py = 0) (2)

The scattering intensity is only related to the form factor of
one chain:

1(g) = (pp = pu)*x(1 = x)v®NP(q) (3)

By this condition (eq 2), the intra and interchain correlations
are matched and not observed. Equation 2 is possible when
po is comprised in between py and pp; to meet this condition,
mixtures of normal and deuterated solvents are often used.
In our case, the role of the solvent is played by silica. The
scattering length density has been determined by previous
contrast variation experiments®' in solvent and found to
be equal to 3.41 x 10'° cm 2. Some deviations from this
value have been observed®® depending on the density of the
particles. For our particle, the matching composition to
satisfy (2) is achieved by mixing 60.9% v/v hydrogenated
(SLD of 1.41 x 10" cm™?) and 39.1% v/v deuterated (SLD
of 6.53 x 10'° cm™?) homopolymers. This first approach
based on mixing silica with the H and D homopolymers only
will be called three components method.

However, as will be discussed in the following, this method
provides partially unexpected results. In order to fulfill the
conditions of eq 2, we aimed at better matching by involving
a fourth component method: a matrix made of statistical
copolymer of normal (H) and deuterated (D) styrene with
H/D proportion giving the same SLD of silica has been
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synthesized. It is then mixed together with silica and the mix
of H and D homopolymers. We called this second approach
the four components ZAC method.

These two methods will be compared in the Results and
Discussion sections.

I1.2. Statistical Hydrogenated/Deuterated Copolymer. To
ensure the perfect silica matching, we have synthesized
a statistical H/D polystyrene whose scattering length density
is equal to the silica scattering length density (p = 3.41 x
10" em™2). To check the matching composition, contrast
variation has been performed by varying the H/D ratio of
statistic copolymer for different mixtures with silica. The
statistical copolymers were synthesized by radical polymeri-
zation in solution by mixing normal styrene with deuterated
styrene in an organic solvent (15% v/v of Dimethylacetamide
DMACc) during 6 h at 80 °C. The polymer was precipitated in
ethanol and filtrated to obtain a dry fibrous powder. The
ratio H/D was modulated by varying normal styrene volume
fraction from 35% to 100%. Table 1 presents the SLD of
each synthesized copolymers.

Using each copolymer, nanocomposites filled with 5% v/v
of silica were prepared and scattering intensities were mea-
sured by SANS. Figure la shows the evolution of scattering
intensity as a function of the ¢ wave vector for the different
matrixes.

The scattering for different H/D ratio are compared with
the complete hydrogenated case.

The scattering intensity at low ¢ is decreasing by a factor
100 from the 100% hydrogenated curve to the one corre-
sponding to the mixture of 65/35 H/D ratio. For this
composition, the resulting signal coming from the silica
particles is close to the background. Another representation
is given in Figure 1 (b) by plotting the intensity at inter-
mediate value of ¢ (¢ = 0.011 A™") as a function of the SLD
of the copolymer matrix, assuming it has a H/D ratio equal

Table 1. Normal Styrene Composition of the Different H/D Matrix
with the Corresponding Scattering Length Densities (Calculated)

% normal styrene calculated SLD (x10'° cm™?)

35 4.732
45 4.22
50 3.963
55 3.708
65 3.196
67 3.094
80 2.43
100 1.41
1000
100 4
—
E ol 4
(&)
N
1k 4
0,1
0,001

1, (=0.01 076A") cm™
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to the one present in the styrene mixtures (no difference in
chemical reactivity); it is again minimum for the 65/35 H/D
ratio.

Molecular weight and weight distribution of the statistic
copolymer were measured by size exclusion chromatography
(GPC) giving a molecular weight M, of 97800 g-mol ' with
polydispersity of M,/ M, =1.74, usual for such noncontrolled
radical polymerization.

I1.3. Nanocomposites Preparation. Nanocomposites were
prepared according to the sample processing described in
a former paper.>> Nanocomposites were prepared by mixing
nanosilica solution (Nissan-St, purchased by Nissan Chemi-
cal, with a mean radius of 6 nm and dispersed in dimethyl-
acetamide, DMAc) with polymer solution (10% v/v in
DMACc). For the first method (3 components), the polymer
solution is composed of 60.9% v/v of H-PS and 39.1% v/v of
D-PS provided by Polymer Source. Different molecular
weights have been studied as listed in Table 2.

For the second method (4 components), the 10% polymer
solution is composed of the matching matrix (75% in volume
fraction), with 25% in volume fraction of a mixture of
homopolymers, with 60.9% v/v of H—PS and 39.1% v/v of
D—PS. Again they are provided by Polymer Source, and the
different molecular weights are listed in Table 2.

In both cases the polymer—silica mixture is stirred for 2 h,
then poured into Teflon molds and let cast in an oven at
constant temperature (130 °C) during 8 days. As result, dry
transparent films of dimension of 5cm x 5Scm x 0.1 cm were
obtained.

I1.4. SANS and SAXS Measurements. SANS. Measure-
ments were performed at the Laboratoire Léon Brillouin
(LLB) on the SANS spectrometer PAXY and at the Institut
Laue Langevin (ILL) on D11 spectrometer. Three configu-
rations were used on PAXY: one with wavelength 12 A,
sample-to-detector distance of 6.70 m, and a collimation
distance of 5.00 m, a second one with wavelength 6 A,
sample-to-detector distance of 6.7 m, and a collimation

Table 2. Molecular Weights and Polydispersity Index of all Normal
(PS—H) and Deuterated (PS—D) Polystyrenes Used in This Study

PS—H PS—D
My, (kg mol ™) I, M., (kg mol ™) I,
138 1.05 139.9 1.06
315 1.09 319 1.12
430 1.05 387 1.03
1777 1.3 2000 1.4
300 [ .
250 | .
200 | 3
150 [ 3
100 | .
50 [ 3
of ]
0 1 2 3 4 5 6 7

Scattering length density of H/D matrix (x10° 6A’Q)

Figure 1. (a) SANS evolution of nanocomposites filled with 5% v/v of silica in different H/D matrixes. (b) SANS intensity at ¢ = 0.011 Alasa
function of scattering length densities (SLD) of H/D matrixes. The match point is obtained for a 65/35 H/D ratio.
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Figure 2. Influence of molecular weights of polymers on silica dispersion for the three components method. Scattering intensities (in cm ) obtained by

SAXS measurements for nanocomposites filled w1th 5% v/v (green) and 15% v/v (red) for different molecular weights: (a) 138 kg mol !

mol ™!, (c) 430 kg mol ™!, and (d) 1777 kg mol ™!

distance of 5.00 m, and the last one with wavelength 6 A,
sample-to-detector distance of 1.5 m, correspondmg to a
total ¢ range of 2.5 x 107> to 0.25 A~'. On D11, three
configurations were used: the first with a wavelength of 10A
at a sample-to-detector distance of 34 m, the second at A =
6 A at 8 mm and the third at 4 = 10 Aat2m, providing an
experimental ¢ range of 0.0008 A~ < q <0.25 A

Data processing was performed with homemade programs
following standard procedures with H,O as calibration
standard. Small deviations, found in the spectra at the over-
lap of two configurations, are due to different resolution
conditions and (slight) remaining contributions of inelastic,
incoherent, and multiple scattering. To get the cross-section
per volume in absolute units (cm™ '), the incoherent scatter-
ing cross section of H,O was used as a calibration. It
was estimated from a measurement of the attenuator
strength, and of the direct beam with the same attenuator.
The incoherent scattering background subtraction is an
important point. The incoherent scattering of nondeuterated
and deuterated polymer was subtracted for the three com-
ponents method, and for the four components method the
H/D matrix incoherent scattering was measured and then
subtracted.

SAXS. Small-angle X-ray scattering has been performed
to investigate the filler dispersion in our nanocomposites.
SAXS is not sensitive to the deuteriation process, and the
contrast is only due to differences in electron densities of
silica and polystyrene. The SAXS experiments were per-
formed at the ESRF on ID-02 instrument using the pinhole
camera at the energy of 12.46 keV at two sample-to-detector
distances (1 and 10 m) correspondmg to a g-range between
0.0008 A" and 0.3 A~'. The absolute units are obtained
by normalizing respect to water (high g-range) or lupolen
(low g-range) standard. In addition, for some samples, a

,(b)315kg

Bonse-Hart camera setup was used allowing one to reach a
g-range lower than 0.0008 A

IL5. Transmission Electronic Microscopy. The samples
were cut at room temperature by ultramicrotomy using
a Leica MZ6 Ultracup UCT microtome with a diamond
knife. The cutting speed was set to 0.2 mm s~ '. The thin
sections of about 40 nm thickness were floated on deionized
water and collected on a 400-mesh copper grid. Transmission
electron microscopy was performed on a FEI Tecnai F20 ST
microscope (field-emission gun operated at 3.8 kV extrac-
tion voltage) operating at 200 kV. Precise scans of various
regions of the sample were systematically done, from low to
high magnification. The slabs observed were stable under
the electron beam. The micrographs reported below are on
average representative of the sample, which thus appears to
be homogeneous.

II1. Results

II1.1. Silica Dispersion. In this part, we will focus on the
silica structure in PS matrix in the two approaches (three and
four components methods). Our aim was to characterize the
filler arrangement at the local scale, in order to well identify
under which conditions of filler spatial distribution we
measure chain conformation, since we think it is critical.
Silica dispersion has been investigated by coupling scattering
SAXS and imaging TEM techniques which are both not
sensitive to chain labeling.

1I1.1.1. Three Components Method. Figure 2 shows the
scattering intensity of nanocomposites with different molec-
ular weights (138 (a), 315 (b), 430 (c) and 1777 kg mol ' (d))
for two silica volume fractions: 5% (green curves) and 15%
(red curves) obtained by SAXS.

The filler dispersion on the model systems processed in
exactly the same way has been described in a previous study.*
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Independent of molecular weights or silica concentrations,
at high ¢ the scattering intensity decreases like ¢~*, which
is characteristic of a sharp interface between silica particles
and polymer matrix. At intermediate ¢, a shoulder is
observed at ¢ = 0.04 A™', which corresponds to the dis-
tance between primary particles in contact (=2m/q). At
low ¢, different behaviors are observed depending on silica
volume fraction. For 5%, a plateau is visible which is
characteristic of finite-size objects. Experimental data can
be fitted using form factor of aggregates; the fitting para-
meters are aggregation number N,,, fractal dimension Dy
and form factor of primary particles.’* The results of the fits
are presented in Table 3 for each molecular weight.

Table 3. Aggregation Numbers N,4, and Fractal Dimensions Dy of
Aggregates for 5% Filled Nanocomposites for the Different

Molecular Weights
M,, (kg mol ") Nagg D¢
138 9 1.85
315 12 1.9
430 12 1.8
1777 10 1.85

138 000 g.mol-!

Macromolecules, Vol. 43, No. 23, 2010 9885

The values are the same for each molecular weight
(between 9 and 12 for N,,, and closed to 1.9 for Dy). TEM
images in Figure 3 (on the left) confirm the results from
SAXS investigations: primary particles arrange in small and
open aggregates not directly connected.

At high silica volume fraction (15%), particles form a
connected network and the values q* of peak position in
SAXS curves give the mesh size & = 2m/q* ~ 70 nm. These
networks can be also observed in TEM micrographs which
show good homogeneities in structure at larger scale. For
M,, = 1777 kg mol ™', no peak is observed but a plateau due
to finite-size objects. A shoulder is observed at very low q
corresponding to the signature of larger aggregates, clearly
visible also on TEM images for the two silica concentrations.
The presence of these large aggregates for large chains
molecular weights can be explained by a decrease of entropy
which can balance neither mixing enthalpy nor depletion
effects, therefore enhancing the trend to demixtion between
chains and particles. It is worth noting that all curves present
an increase at very low ¢ particularly highlighted by the
measurements with the Bonse-Hart setup: we recognize a
signal from crazes, created inside the sample during prepara-
tion process (drying and cooling below T5).

Figure 3. Transmission electronic microscopy (TEM) images on nanocomposites filled with 5% v/v (on the left) and 15% v/v (on the right) for
different molecular weights. From the top to the bottom: 138 kg mol ™!, 430 kg mol ™!, and 1777 kg mol ™. The dot circles for M,, = 1777 kgmol ' are

guide for the eyes to delimitate the large aggregates.
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Figure 4. Silica dispersion for the four components method. (a) Scattering intensities from SAXS measurements for nanocomposites filled with
5% (green), 15% (red) and 20% v/v (purple). (b) TEM images for the nanocomposites filled with 5% (left) and 15% v/v (right).

111.1.2. Four Components Method. The same study has
been done on samples prepared for the four components
method.

Figure 4a shows SAXS results for M,, = 138 kgmol ' asa
function of silica volume fractions (5%, 15%, and 20% v/v)
and Figure 4b shows the corresponding TEM images (for
5% on the left and 15% on the right). At low concentration
the SAXS data are similar to the one described above for the
three components method: primary particles form small
aggregates at low concentration and filler network at higher
silica volume fraction. At high concentration (15% v/v), the
curve presents a correlation peak characteristic of a privi-
leged distance between aggregates in the filler network, as
also shown by TEM images. Whatever the matching method
used, the samples show the same silica arrangement: hence
we can use our results on chain conformation irrespectively
of the matching method. In the following, investigation of
chain conformation and the comparison between the two
different approaches proposed will be reported.

II1.2. Chain Conformation. Using the ZAC method in the
presence of silica, we must be only sensitive to the form factor
of a single chain.

II1.2.1. The Unfilled Matrix. First, we report on the PS
polymer without silica which will be used as reference.

For the three components method, Figure 5 presents SANS
results for unfilled PS (blue c1rcles) at various molecular
weights from 138 to 1777 kg mol ™!

For M,, = 138 to 430 kg mol™ 1 the curves show the
classical behav1or of polymer chams with typical decrease
at high g as ¢ > (represented by a plateauat 0.11 cm™ A2
I4* curves, as shown in the inset in Figure 5), and a plateau at
low ¢ in the Guinier regime which gives the radius of gyration

of polymer chain. The curves can be described in the whole ¢
range using the Debye equation’* (eq 4) (red lines in Figure 5)

Plg) = ﬁ( “1+4RE) ()

where P(g) is the form factor of 1 chain and R, its radius of
gyration. Table 4 presents the values of radius of gyration for
each molecular weight.

The radius of gyration of chain in polymer melt has
been described in the literature and can be calculated by
the following equation: R, = 0. 275M 0-3, This gives for a
molecular weight of M, = 138 kgmol 'a radlus of gyration
of 102 A, for M,, = 315kgmol ', R, was found to be 154 A,
and for M, = 430 kg mol !, R, = 180 A. These theoretical
values are close to those obtained by fitting the Debye
equation (see Table 4). The only deviation was observed in
the case of M, = 1777 kg _ mol ™!, for which theoretically a
value of R, of about 370 A should be expected However,
SANS data show that for My, = 1777 kgmol ' the scattering
intensity is in the low ¢ region much larger than predicted by
the Debye function, as hlghllghted in Figure 5d. The mea-
sured intensity (around 100000 cm ™ ") is about 10 times larger
than the predicted Debye one: this is characteristic of a
spinodal decomposition of H—PS and D—PS mixture as
predicted’ and previously observed in the literature;>> 7 it
will be discussed later in the text. For high molecular welghts
phase separation appears above a given D—PS volume
fraction: this means this threshold is lower than ®4.pg =
0.4 here, such that domains richer in D—PS are created. The
domain growth is faster at a given scale, i.e., at a given ¢,
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Table 4. Values of Radius of Gyration for each Molecular Weight
Obtained by the Debye Relation Eq 4

M., (kg mol™") R, (A)
138 102
315 154
430 175

which results in a maximum in SANS curves giving a typical
privileged size of the wormlike structure of those domains.
At very low ¢, there is an upturn, where /(¢) scales as ¢~ and
which is again due to crazes. The presence of crazes is due to
the contrast between the polymer and the vacuum, which is
enhanced when the content in D segments is increased.

For the four components method, as previously discussed in
the materials and methods part, the critical point is the
correct subtraction of the background which corresponds
to the scattering of H/D matrix and the incoherent scattering
of D—PS and H—PS chains. The scattering intensity is given
by the eq 5:

1(9) = ot —

+ oyline—n + QDDIinc—D] (5)

[(I)H/D matrix ( 1- ¢3i02 )IH/D matrix

where /i, 18 the total scattering intensity, ®py/p matrix 1S the
volume fraction of H/D matrix in the sample (=0.75), @g;0o,
is the silica volume fraction, /y/p matrix the scattering inten-
sity of H/D matrix (measured alone), ¢y, ¢p and [j,c.n,
Iine.p, are respectively the volume fraction of H-chains
(or D-chains) and ¢y + ¢p = 0.25) and the incoherent
scattering of H-chains (or D-chains). Figure 7b shows the
scattering intensity before subtraction of H/D matrix and
incoherent of H and D chains. The increase at low ¢ in H/D
matrix is due to crazes not matched.

After this treatment we also obtained a classical curve for
polymer chain (blue curve in Figure 7a discussed below)

easily fitted by Debye equation with R, = 105 A close to the
one measured in the three components method (102 A).

II1.2.2. Filled Systems: The Three Components Method.
The results are presented in Figure 6 (with Kratky represen-
tations in insets). SANS data for filled systems reveal that,
in the g-range between 0.01 and 0.25 A~ ", the scattering
intensities of filled polymers well superlmpose with the
unfilled one, whatever the molecular weights of the polymer
or the silica volume fraction. The signal is unchanged and the
presence of silica does not modify the chain form factor in
this q range.

We consider now the larger molecular weight M,
1777 kg mol~'. The scattering intensity of filled nanocompo-
sites presents at low q a maximum similar to the one observed
without silica (Figure 6d, green and red curves). This can be
explained by demixing, in analogy with the case of the unfilled
system. The maximum positions give the size of the domains
which seem to be larger for the 5% than 15% volume fraction.
This could mean that separation is slowed down when i increas-
ing conﬁnement At intermediate and high q (from 0.008 A
t00.2 A~ 1 the spinodal decomposition is not longer dominant
anymore, as often observed in H/D homopolymer systems. In
our case, the scattering intensity of filled systems scales as q >
and superimposes with the reference one for the two silica
concentrations. This suggests that even for these large chains,
the single chain conformation is unchanged by the fillers which
only affect separated domains.

We focus now on the other molecular weights: 138, 315,
and 430 kg mol . At glimpse, we can identify three different
features depending on scale of observation. First, in the high
and intermediate q the scattering intensities of filled nano-
composites scale as ¢ > and superimpose well with the
unfilled matrix signal. The presence of silica does not affect
scattering intensities, therefore does not modify the chains
form factor.

Our second observation extends on the whole ¢ range:
for molecular weight M., =315 kg mol™" filled with 5% v/v
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and M,, = 430 kg mol " filled with 15% v/v, the scattering
intensity superimposes well with the reference. SANS results
clearly show that chain conformation is unperturbed by the
presence of silica and independently of silica organization
(small aggregates at 5% v/v or connected network at 15% v/v).

The third piece of evidence, however, is more puzzling: a
shoulder appears in the scattering (in log—log representation)
at low ¢, whose position seems independent of molecular
weight and silica volume fractions. However, this phenom-
enon seems to be not reproducible: this shoulder appears
according to an unsystematic way as a function of M. The
shoulderis not observed at the same silica volume fractions for

the different molecular weight: for 138 kg mol ™", a shoulder
is present both at 5% and 15% v/v, wh1le for 315 kg mol itis
only at 15% v/v, and for 430 kg mol ', on the opposite, only
at 5% v/v.

111.2.3. leled Systems. the Four Components Method.
Figure 7a (I¢> representations are shown in Figure 7c) shows
the results for the molecular weight M, = 138 kg mol™
different silica fractions using | the four components method
Again, from 0.01 to 0.25 A7, the superposition with
unfilled is perfect, the scattering signal is not modified by
the presence of silica: the chain form factor remains un-
changed whatever the silica volume fractions. The very low
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intensities normalized by the reference one to emphasize the “shoulder” effect. In the inset are shown the corresponding silica structure factors extracted

from SAXS measurements.

q region of the data is again concerned by the scattering
from crazes. We observe also in these data sets a shoulder,
which increases when increasing the silica fractions. How-
ever, the amplitude of the shoulder seems to be reduced
compared to the observations made with the three compo-
nents methods.

111.2.4. Comparison between Three and Four Component
Methods. Both approaches used in this work allow measure-
ment of the chain conformation; in addition, the four
component method allows one to check the perfect matching
of silica. The main difference is related to the quantity of
D-chains (or H-chains) involved in each method, which is
®p = 0.4 for the three component method and @, = 0.1 for
the four component one. Figure 8 shows for M,, = 138 kg
mol ™! the comparison of the scattering intensity of 5% (left)
and 15% (right) filled systems for the two methods (blue the
three component and green the four component one) relative
to M,, = 138 kgmol~'. Atintermediate and high ¢, the two
methods lead to the same results: the scattering intensities are
similar and superimpose well with the unfilled one. The fits
using Debye equation give analogue value for the radius
of gyration (R, = 105 A). The two methods clearly point to
the same conclusion: the chain conformation is unaffected
by the presence of fillers up to a typical size of the order of
magnitude of the chain one. At larger scale some deviations
are however observed. For 5% silica, the shoulder is
not observed for the lower ® value. This effect can be
emphasized by dividing the scattering intensity of filled
systems by the reference one (Figure 8 at the bottom).
In this representation the peaks are clearly observed for
®p =0.4 and it is flatten for = 0.1. For 15% silica the
shoulder is present, but clearly strongly reduced compared
to ®p=0.4. The ratio of H-chains/D-chains appears therefore
to be the key parameter for the presence of a shoulder in the
low q regime.

IV. Discussion

The system proposed in this work displays a controlled and
well-characterized filler spatial distribution which is a good
model of many nanocomposites used, in particular, for reinforce-
ment. It is well suitable to study the filler influence on chain
spatial conformation, due also to the components, silica and
polystyrene. The combination of SAXS measurements over a
wide q range and TEM pictures provides a very clear view of silica
arrangement in polymer matrix as a function of volume fraction.
At low concentration (5% v/v), silica nanoparticles form small
fractal aggregates with finite size which are not directly inter-
connected. At higher concentration, we determine exactly the
typical size & characteristic of the connected network which is
formed by the aggregates. The complementary TEM images
highlight that the system remains homogeneous at larger scale.

The control of the structure at all scales made then consistent
the use of very large q ranges in classical SANS, especially at low
¢. With such potential, it was particularly valuable to achieve a
careful use of labeling and contrasts for SANS study of global
chain conformation, using two different zero average contrast
methods which validate the perfect matching of the silica. The
most important result is that over a wide range of ¢, and molec-
ular weights investigated, the chain conformation is not modified
with respect to unfilled systems. This result was common to both
experimental approaches employed. In spite of careful contrast
matching, however, we observe unexpected extra-scattering in the
low ¢ region.

The scattering intensities of filled systems superimposes well
with the reference ones in a ¢ range from 0.008 to 0.2 A~ for
all molecular weight and for the two labeling approaches. The data
are well described by a classical chain Gaussian model with the
same random walk parameters and the same radius of gyration
than the one without silica. Fillers induce no change at the level of
chain conformation in our PS-filled silica system. According to
Mackay et al.,*® chain swelling is expected when R, of polymer is
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larger than the nanoparticles radius. However, as previously
explained, the direct comparison of our results within the existent
literature® ¢ is not easily feasible because of the large variety of
systems and filler dispersion, geometrlcal confinement, polymer
filler interaction and sample processing methods. Sen et al.> have
used similar Nissan nanoparticles in PS matrix, but with different
solvent and casting method, which leads to a specific filler
dispersion (coexistence of small aggregates and large agglomer-
ates). In addition, their observations are affected by unperfected
matching of the s1hca which induced the presence of an unclear
peak at 0.04 A independent of silica volume fraction. To our
knowledge, in perfect matching conditions, this peak, which was
only visible with SAXS investigations, is clearly related to the
contact distance between primary silica nanoparticles inside
aggregates. We believe that the observed unperturbed PS chain
conformation is more general effect: it applies to an usual filled
nanocomposite prepared by solvent casting, for various classical
situations of filler dispersion: non connected finite size small
aggregates and a connected filler network in our case, and larger
aggregates and agglomerates as observed by Sen et al.?® This
non-modification of the chain conformation can be then corre-
lated to a large range of dispersion qualities. Sample preparation
methods could be a key parameter to explain the controversy
results discussed above. It opens the discussion about expectable
effects specific to these systems, namely chain adsorption bridg-
ing"® or dynamic (immobilized or bound layer ) induced by
fillers. Accordrng to rheological investigations*>** and simu-
lations, " these effects of indirect confinement are expected to
take place at a scale which could be larger than the scale of direct
geometrical confinement, for interfiller distances larger than the
characteristic chain length (typically 10 nm). Indeed, the fraction
of chains whose conformation or dynamic is affected by adsorp-
tion, bridging or interaction with fillers, is expected to influence
the average resulting chain signal. Our results suggest that the
fraction of affected chains is too low to be detected whatever the
mass of the polymer chains, up to a characteristic length scale of
80 nm in the direct space (between 3 and 10 times the polymer
chain size), even for high silica concentration.

The situation is not clear when considering larger distance,
above 80 [om, accessible in the lower ¢ domain (from 0.001 to
0.008 A™"). In this g-range, we can observe a shoulder which
characteristics cannot be correlated in a systematic way with silica
volume fractions, or with molecular weights of the polymer. This
non reproducible phenomenon could have different origins. We
can exclude immediately a first one, which would be the un-
perfected matching of the silica particles: we have clearly shown
in this work with the four components method the perfect
matching of the filler particles. In addition, we would expect this
contribution to be similar for each of the samples which have
been cast at the same time in the same conditions. This simi]arrtP/
is not observed: for a given molecular weight, 315 kg mol
the shoulder is present at 15% v/v of silica and not at 5% v/v and
inversely for 430 kg mol™~'. A possible explanation could be the
influence of silica correlations on intrachains signal. Polymer
chains can span filler over a range close to silica intercorrelations
and “outline” the silica structure. The scattering intensity would
be a convolution of filler structure factor and polymer chain form
factors observed for polyelectrolyte chains in Vycor.!® Note that
in this case the scattering intensity showed changes at intermedi-
ate q: the chains appeared sensibly extended (x4) with a larger
persistence length, and the scattering intensity becomes close
to ¢ ' characteristic of a rod. This could be related with the
cylindrical shape of the Vycor channels. The silica structure is
different in our case, but anyhow we do not observe any signature
of itatintermediate ¢. Third, the scattering shoulder could be due
to an anomalous separation between the normal and the deuter-
ated chains. This is supported by the fact that the amplitude of the
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Figure 9. Effect of temperature on SANS intensity for the molecular
weight M, = 315 kg mol™" for unfilled polymer (a), 5% v/v (b), and
15% v/v (c).

shoulder depends of the quantity of deuterated chains as showed
with the two different methods of contrast variation (Figure 8).
Moreover, the shape and the position of the shoulder in the filled
samples are very similar to the signal measured for the larger mass
reference sample (M,, = 1777 kg mol "), without silica in which
normal and deuterated chains have indeed separated. This agrees
with thermodynamics, which predict spinodal decomposition
for such high degree of polymerization N of the polymer, due
to the finite value of the Flory parameter YHD between normal
and deuterated chains (yupNeuep > 1,%). It is possible that the
presence of the fillers triggers chain separation, by modification
of the thermodynamic equilibrium conditions or by preferential
adsorption of deuterated chains at the surface of the particles due
to differences in surface tension. Phase separation between
normal and deuterated species at the V1c1n1ty of a surface has
already been studied for simple liquids® or polymer***! and the
decomposition amplitude can be controlled by the interaction
strength between surface and polymer.* One weakness of such



Article

explanation is that we observe a larger effect for the mass
315 kg mol ™" and the one of 430 kg mol ™', while adsorption
should not decrease with chain molecular weight. Similarly,
spinodal decomposition should be more strongly triggered for
larger mass. A possibility is that the vicinity of critical region
(critical point) associated with spinodal decomposition could
induce metastable conditions, leading to chain separation or not
in an unsystematic way as a function of the polymer masses.

Since H chain/D chain separation, being an entropic process, is
favored by temperature, we performed SANS measurements at
higher temperature on chain conformation for molecular weight
of 315 kg mol ™" filled with 0%, 5% and 15% v/v (Figure 9). As
we mentioned before, for this molecular weight the shoulder is
present at 15% v/v and not at 5% v/v. We observed complete
superposition of the scattering intensities for all temperature range
(from 27 to 142 °C) over the whole q range: the chain conforma-
tion is not modified by temperature, neither at 5% where the
shoulder does not appear, nor at 15% v/v where the shoulder
keeps the same amplitude for each temperature (Figure 9).

This is not in favor of processes related to phase separation,*
and even less in favor of metastability as an explanation of our
unsystematic observations. It remains possible that kinetic effects
in the chain phase separations lead the systems in a blocked state
where it is no longer sensitive to the temperature changes applied
here.

V. Summary and Conclusion

We have investigated the polymer chain conformation in
nanocomposites by SANS using the zero average contrast
method. By this technique, we can properly match the silica
scattering, so that the signal contains only the average form factor
of the single chain in the presence of silica. We compare it with
the one in the unfilled polymer bulk. Two experimental ap-
proaches have been studied and have provided the same results.
In the same time we have performed SAXS measurements on the
same samples for a good knowledge of the silica dispersion in the
polymer matrix. In all cases the SANS signals superimpose well
with the pure polymer ones in a large ¢ range. Neither the molec-
ular weights nor the silica volume fractions modify the chain form
factor: the chain conformation is not affected by the presence of
silica. We conclude that confinement and adsorption effects play
a minor role on chain dimensions in a filler structure like the one
of our system, carefully characterized, which is made of small
aggregates. In the same time, our low ¢ measurements make us
observe extra scattering (shoulders) which are not clearly under-
stood. This concerns larger scales than the one of the chain,
while we expect that the inner chain conformation, measured
at intermediate scale, is the most important since it acts on the
mechanical properties. Such new results have the potential of
better understanding of the reinforcement mechanisms** at the
local scale.
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