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ABSTRACT

Surface modification of model silica to enhance compatibility in nanocomposites has been widely studied. In addition to model spherical
silica, several authors have investigated the impact of surface conditions on compatibility in commercial aggregated carbon black and silica.
In this paper, dispersion is investigated for a series of nanocomposites produced from commercially modified fumed silica mixed with
styrene butadiene rubber, polystyrene, and polydimethylsiloxane. Surface modification includes variation in surface hydroxyl content, silox-
ane, and silane treatment. Qualitatively, hydroxyl groups on the silica surface are considered incompatible with non-polar polymers, while
methyl groups are compatible with oleophilic polymers. X-ray scattering was used to analyze the filler aggregate structure before and after
dispersion, and the second virial coefficient was used to quantify nanodispersion. The content of surface moieties was determined from
Fourier-transform infrared spectroscopy. It is observed that modified silica can display mean field or specific interactions as reflected by the
presence of a correlation peak in x-ray scattering. For systems with specific interactions, a critical ordering concentration is observed related
to the free energy change for structuring. A van der Waals model was used to model the second virial coefficient as a function of accumu-
lated strain, yielding the excluded volume and an energetic term. The excluded volume could be predicted from the structural information,
and the bound polymer layer was directly related to the surface methyl content, whereas the energetic term was found to synergistically
depend on both the methyl and hydroxyl surface content.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144252

INTRODUCTION

Dispersion of molecules occurs by thermal diffusion, while
dispersion of macroscopic particles is related to kinetic mixing
reflected by the accumulated strain. Nanoparticle dispersion can
have some aspects of both of these dispersion mechanisms.
Mixing of aggregated nanoparticles in high polymer melts is
mostly governed by kinetics, while solution mixing or com-
pounding in low molecular weight polymers can more strongly
involve aspects of thermal dispersion. At times, dispersion can
involve a complex sequence of events such as the emergence of
structural hierarchies during drying. Kinetically mixed polymer
nanocomposites can also develop complex multi-hierarchies
associated with the top–down impact of mechanical mixing,
which more easily disperses larger structures.1

Thermal dispersion of aggregated nanoparticles is enhanced
by compatibility between the filler and the matrix such as in inkjet
inks modified with nonionic surfactants.2,3 Compatibility in

kinetically dispersed systems is more complex since, in many cases,
it is desired to develop a macroscopic filler network requiring
incompatibility such as in reinforced elastomers.1 Incompatible
filler particles seek to separate from the dispersion, but kinetic
mixing locks in a dispersed state. The degree of incompatibility
between the filler and the matrix can be manipulated by the intro-
duction of favorable polymer–filler interactions or attractive inter-
actions between filler aggregates. For instance, surface charges lead
to short-range repulsion between filler particles on the nano-scale
and might lead to incompatibility with nonpolar polymers.4

An important aspect of polymer nanocomposites is the emer-
gence of micrometer-scale network structures responsible for many
of the mechanical and optical advantages of these systems.1 It is
desirable to control these micrometer-scale network structures
through the manipulation of nanoscale dispersion using surface
modification and surface charges. Structural emergence in rein-
forced polymers can also be impacted by processing and primary
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particle size, filler aggregate size, and aggregate branch topology
and convolution.

In many industrial and research environments, quantification
of dispersion in polymer–filler nanocomposites remains largely
empirical. Direct imaging techniques such as transmission electron
microscopy coupled with counting algorithms are often used for
the quantification of dispersion, despite limitations on the sampling
size and data interpretation from 2D projections of 3D structures.5

As an alternative, combined small-angle and ultra small-angle x-ray
scattering offers 3D structural information over multiple size scales
and needs no special procedures for sample preparation. In x-ray
and neutron scattering, nanoscale data are averaged over macro-
scopic dimensions. For industrial nanofillers, a structural hierarchy
arises during particle synthesis, wherein the primary particles fuse
together into aggregates which form micrometer-scale agglomerates
during handling. With dispersion in high shear mixers, the filler
agglomerates fracture and disperse into their base nano-scale, rami-
fied, mass-fractal aggregates.6 Percolation and filler–filler interac-
tions lead to new emergent structures at larger length scales.1,4

The emergence of multi-hierarchical structure can be
studied using small-angle x-ray scattering. The scattered inten-
sity, I(q) ¼ fVhΔρi2P(q)S(q), depends on the form factor, P(q),
the interparticle structure factor, S(q), the particle volume, V, the
overall filler volume fraction, f, and the scattering contrast
between the filler and the matrix, hΔρi2. Under dilute conditions,
S(q) ¼ 1 and the above expression reduces to

I0(q)
f0

¼ VhΔρi2P(q): (1)

For spherical particles, P(q) ¼ �9{sin(qR)� (qR)cos(qR)}2
�
/

(qR)6 is the square of the spherical amplitude function, where q is
the reciprocal space vector and R is the sphere radius. Many aca-
demic studies of dispersion involve model systems composed of
spherical colloidal silica particles with variable surface treatments,
wherein the form factor for spherical particles is valid.7 However,
industrially relevant products often display a complex multi-level
hierarchical, nano- to macro-scale structure. These common hierar-
chical industrial fillers typically display three structural levels com-
prised of the primary particle (level 1), aggregates of primary
particles (level 2), and agglomerates of aggregates (level 3).6,8 To
account for these multi-scale structural hierarchies, the dilute
reduced scattering intensity in Eq. (1) can be determined from the
Unified Scattering Function9–11 such that

I0(q)
f0

¼
Xn

i¼1
Gi exp

�q2R2
g,i

3

 !
þ Bi(q

*
i )
�Pi exp

�q2R2
g,i�1

3

 !" #
,

(2)

where “i” is the structural level, Gi and Bi are the Guinier and
Porod pre-factors that account for the particle volume, V, respec-
tively, and the scattering contrast, hΔρi2; the radius of gyration, Rg,i,
specifies the size of each structural level in the hierarchy; the
power-law exponent, Pi, specifies the morphology of each structural
level and is generally 4 for solid three-dimensional moieties with

no surface roughness, whereas it varies between 1 and <3 for mass-

fractal objects. Additionally, q*i¼q erf kqRg,iffiffi
6

p
� �h i�3

, wherein “erf” is

the error function and k equals 1 for three-dimensional structures
and approximately 1.06 ± 0.005 for mass-fractal structures.9

The dispersion of a colloidal system can be quantified with the
second virial coefficient, A2, from a virial expansion of the osmotic
pressure.12–14 The virial expansion is used to describe the impact of
interactions between colloidal particles on the osmotic pressure.15 In
previous studies, x-ray scattering has been employed to quantify the
pseudo-second order virial coefficient, A2, which can be used to
describe the dispersion of filler aggregates in a polymer melt.8,16,17

Although polymer–filler blends have not been considered traditional
colloids, there is precedence to use a virial expansion of osmotic
pressure in viscous mixtures, where kinetic dipsersion is governed
by the accumulated strain. The dependence of particle dispersion on
temperature in thermally dispersed colloidal systems18 is akin to the
dependence of dispersion on the accumulated strain imparted to the
polymer–filler nanocomposite. Processing conditions such as
mixing time, shear rate, and material properties such as matrix vis-
cosity16,17 contribute to the accumulated strain and the dispersion
of fillers. Dispersion is also mitigated by the filler–polymer compati-
bility and filler–filler interactions.

Scattering can ascertain filler–filler interactions and the
effects due to polymer type and viscosity, particle size, and struc-
ture, particle concentration and processing history.1,4,8,16,17,19–21

An obvious modification of a filler involves surface treatment.
For silica fillers, a major factor influencing dispersion is the pres-
ence of hydroxyl functional groups that enhance hydrophilicity
due to surface charges. These surface charges lead to short range
repulsion between aggregates in precipitated silica. Reactive
hydroxyl groups can be used for surface modification through
hydrolysis-condensation reactions leading to new surface func-
tionality or to grafted low molecular weight oligomeric chains
chemically similar or identical to the matrix polymer.

Filler–polymer and filler–filler interactions depend on the
polymer chemistry as well as the surface functionality of the filler.
Bahl and Jana22 reported on composites of lignosulfonates, a byprod-
uct of the paper industry, in styrene-butadiene rubber (SBR). Polar
surface functional groups on the lignin are incompatible with nonpo-
lar SBR. Bahl and Jana22 modified lignosulfonates with cyclohexyl-
amine to enhance compatibility, which led to increased strength of
the composites. Additionally, enhanced compatibility resulted in the
formation of smaller particles as opposed to large randomly shaped
structures.

Leblanc23 investigated carbon black (CB) and silica nanocom-
posites comparing surface chemistry. The surface of carbon black
may contain many functional groups but reactions involving
oxygen complexes do not necessarily lead to strong rubber–carbon
black interactions. However, the large quantities of siloxane and
silanol groups on the surface of silica cause considerable hydrogen
bonding that leads to poorer dispersibility compared to carbon
black according to Leblanc.23

Wang et al.24–26 linked differences in the surface chemistry of
silica and carbon black to different components of the surface
energy in polar and non-polar environments. It was observed that
polar/basic groups were attracted to silica surfaces and less polar/
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alkylene groups were attracted to the polymer matrix, thereby
increasing affinity with the hydrocarbon polymer. A polar compo-
nent of the surface energy was indicative of enhanced filler–filler
interactions in silica that led to the formation of a more developed
filler network. Additionally, modification of the silica surface was
suggested to enhance the affinity between silica and polymer in
order to minimize filler networking and to better balance dynamic
properties. McEwan and Green previously studied PDMS-grafted
silica particles with varying graft length and particle size and also
quantified the interparticle interaction potential via rheology.27

Specific vs mean-field interactions in polymer
nanocomposites

Particle–particle interactions can be specific, such as with surface
charge repulsion in precipitated silica/polybutadiene rubber nanocom-
posites; or mean-field such as with neutral or compatibilized particle
surfaces, for instance, carbon black (CB) in polystyrene–polybutadiene
rubber. In scattering, systems with specific interactions display a corre-
lation peak as modeled by the Ornstein–Zernike equation, while mean
field systems display structural screening as modeled by the random
phase approximation (RPA).4

A comparison of the concentration reduced scattered intensity
above and below the overlap concentration, f0, is used to quantify
the structure factor in the semi-dilute regime, f � f0,

S(q) ¼ I(q)/f
Io(q)/f0

: (3)

For mean-field systems, such as CB/SBR, the interactions can
be modeled using the random phase approximation,

S(q) ¼ 1

1þ fυ
I0(q)
f0

� �	 
 , (4)

where υ is proportional to A2 as described by Vogtt et al.,21

Jin et al.,8 and McGlasson et al.4 In the limit of q approaching
0, I0(q)/f0, as described by Eq. (2), reduces to G2 þ G1, the sum of
the Guinier pre-factors for the first two structure levels such that
the structure factor at low-q approaches

S(0) ¼ 1
1þ {fυ(G2 þ G1)}

: (5)

Thus, the second virial coefficient, A2, can be ascertained
from the Unified Fit to the dilute curve, I0(q)

f0
, and the structure

factors, S(q), for all concentrations prior to global percolation,
which results in a micrometer-scale network or clusters.

For fillers displaying specific interactions due to surface
charges, such as precipitated silica, the reduced scattering intensity,
I(q)/f, displays a correlation peak in the low-q regime.8 The corre-
lation peak is dependent on the processing history and filler–
surface interactions that lead to the packing of domains with
varying correlation lengths. McGlasson et al. have recently pro-
posed a method to extract the structural details for such systems
accounting for varying accumulated strain across different sample

positions and strong filler Coulombic repulsions.4 To account for
domains with different correlation lengths, ξ, a log-normal distri-
bution of correlation distances was proposed to modify the Born–
Green approximation28 such that

S(q, ξ) ¼
ð1
0
P(ξ)

1
1þ pθ(q, ξ)

� �
dξ: (6)

Where P(ξ) ¼ 1ffiffiffiffi
2π

p
ξσ
exp

�� ln ξ=mð Þf g2�/2σ2
 �

gives a log-normal

distribution for correlation lengths with geometric mean, m

¼ hξi exp �σ2

2

 �
and where σ is the geometric standard deviation.

Here, θ(q, ξ) ¼ �3{sin(qξ)� (qξ)cos(qξ)}
�
/(qξ)3 is the scattering

amplitude function for a sphere reflecting aggregates roughly
arranged in a spherical correlation shell and p, the packing factor,
reflects the extent of organization of the aggregates within this
shell.28,29 hξi is the mean correlation distance between particles for
the domains. Large p indicates better organization with p = 0 reflect-
ing a random distribution. For perfect spheres in an FCC/HCP
arrangement, p has a maximum value of 5.92. For irregularly shaped
particles, for instance, rods or sheets, p can have values much larger
than 5.92 reflecting a higher packing density. Larger values of p lead
to a sharper correlation peak.

In the limit of q approaching 0, θ(0, ξ) ¼ 1 in Eq. (6). The inte-
gral of the probability distribution function, Eq. (6), over all values of
ξ equals 1. Consequently, the structure factor at q ¼ 0 from Eq. (6) is
directly linked to the average aggregate packing factor, p,

S(0, ξ) ¼ 1
1þ p

: (7)

Comparing Eqs. (5) and (7), it can be seen that

υ ¼ p
f(G2 þ G1)

¼ p
fzG1

: (8)

Equation (8) relates the screening parameter, υ, from the
mean-field approach to the specific interaction model that accounts
for correlations via the packing factor, p, and the average number

of primary particles in an aggregate, z ¼ G2
G1

� �
þ 1.21,30 Both p and

ν reflect particulate organization but are independent of size-scale,
which is described by hξi in both correlated and mean-field
systems.3 For both mean-field and specific interaction systems, ν is
a measure of the binary filler-interactions and is related to the
second virial coefficient, A2 measured in mol cm3/g,2,8,21

A2 ¼ νhΔρi2
2NAρ2

, (9)

where hΔρi2 is the squared difference in the scattering length
density between the nanofiller and the nanocomposite matrix or
the scattering contrast; NA is Avogadro’s number; and ρ is the filler
density. The units of A2 can be converted into a more familiar
cm3/aggregate by multiplying with M2

NA
. Here, M ¼ ρNAzV1 is the
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overall mass of an aggregate such that zV1 represents the average
aggregate contour volume.

A2 is a direct, quantitative measure of the dispersion with larger
values indicating better dispersion. Negative A2 indicates phase segre-
gation and A2 ¼ 0 is a critical value. Understanding the dependencies
of A2 in different polymer–filler systems is important to developing
predictive techniques for the control of structural emergence in
polymer–filler systems. A2 can be used to calculate binary filler interac-
tion potentials for coarse-grained computer simulations of complex
multi-level hierarchical filler mixtures. Furthermore, the technique pro-
posed here is not limited to any specific blend of polymers and fillers
and offers the potential to be extended to a wide-range of polymer–
filler systems. Control over this complex multi-hierarchical structure
can be achieved through the manipulation of filler–polymer interac-
tions such as by varying the silanol surface density, by chemically tai-
loring the surface, and by grafting low molecular weight polymers. It is
expected that these modifications can control dispersion and the asso-
ciated emergent multi-hierarchy. From the mesh size and packing of
an emergent network of aggregates, the state of dispersion and the
interaction potential for coarse-grain simulations can be determined.

Many commercial polymer nanocomposites involve the dis-
persion of aggregated nanoparticles such as silica, titania, carbon
black, organic pigments, and some flame retardants and other addi-
tives. In many of these systems, a structure is built-up from nano-
particles to micrometer-scale networks through a multi-hierarchical
structure. Tuning of these complex structures is typically done with
simple surface chemistry, modification of processing conditions,
and use of different polymer binders and matrices of variable
chemical composition and molecular weight. In this study, we have
examined some commercial systems limiting the study to a series
of modified fumed silicas blended with three widely studied and
commercially interesting polymers.

EXPERIMENTAL

Sample preparation

Three polymer matrices were used: polystyrene–polybutadiene
rubber (SBR), polystyrene (PS), and polydimethylsiloxane (PDMS).
SBR has been widely used for elastomer studies, and PS is useful
for the broad dynamic mechanical spectrum that is available on a
conventional instrument and PDMS matches the surface grafted
chains on some of the commercial silicas mentioned below. These
polymers were mixed with commercially available Aerosil® fumed
silicas provided by Evonik Corporation (2 Turner Place, Piscataway,
NJ 08854, USA) listed in Table I. Filler–polymer compatibility
stems from the inherent chemical structure of the matrix and the
surface functionalities on the filler. For example, polar groups such
as surface hydroxyl on silica in a non-polar polymer such as SBR
render the system incompatible, whereas surface methyl groups
induced by treatment with hexamethyldisilazane (HMDS) in the
same non-polar SBR make the system compatible.

Commercially available SBR with 24% vinyl, and 38% styrene
content and a Mooney viscosity of 80 M.U. (ML1 + 4 at 100 °C)
was mixed with chemically incompatible (Si 200 and Si 200HV) and
compatible (Si 8200 and Si 9200) fumed silica nanofillers in a 50 g
Brabender mixer with a Banbury style mixing geometry. A constant
rotor speed of 60 rpm was applied for 12min at 125 °C. The

temperature within the mixing chamber varied between 120 and 130 °
C controlled by an air stream and cartridge heaters. During mixing,
the SBR was added to the mixer followed by an antioxidant and filler.
Antioxidant [N-(1,3-dimethylbutyl)-N’-phenyl-1,4-phenylenediamine]
or 6PPD was provided by TCI America. Following the addition of
all ingredients, mixing proceeded for 12min. SBR-based nanocom-
posites were prepared with filler volume fractions, f, ranging from
0.0044 to 0.14. These samples are similar to our previously reported
samples in terms of mixing history and elastomer matrix.16,17

In addition to SBR, incompatible (Si 150, Si 200, and Si 200HV)
and compatible (Si 972 and Si 974) fumed silica fillers were mixed
with PS in a continuous vertical single-screw microtruder from
Randcastle Extrusion Systems. Edistir® N3982 PS with a melt flow
index of 25 g/10min and a MW of about 125 kDa was supplied by
Eni-Versalis S.p.A, Piazza Boldrini, 1-20097 San Donato Milanese
(MI), Italy. The temperature of the feed, compression, and metering
zones were set to 230 °C, and the die was maintained at 180 °C. A
mixture of fumed silica nanofiller and polymer pellets were fed
through the hopper, and the samples were extruded at a fixed screw
speed of 5 rpm with a residence time of 12min. Polystyrene-based
nanocomposites were prepared with filler volume fractions (f) ranging
from 0.0049 to 0.06. The processing conditions and matrix polymer
for the PS samples mimic those prepared by Hassinger et al.31

Finally, methyl-terminated PDMS with a molecular weight of
∼500 g/mol purchased from Gelest was mixed at room temperature
with incompatible (Si 200) and compatible (Si 202 and Si 208)
fumed silica fillers listed in Table I using a vortex mixer from
Fisher Scientific for 30 s at 3200 rpm. The MW of the PDMS was
chosen such that the polymer and graft-PDMS chain lengths are
approximately equal. After mixing, the nanocomposite was allowed
to settle to remove air bubbles prior to measurement. PDMS-based
nanocomposites were prepared with filler volume fractions, f,
ranging from 0.0041 to 0.07.

Ultra-small angle x-ray scattering (USAXS)

For scattering studies, 1 mm thick specimens were pressed on
a platen for 10 min at ∼100 °C for SBR and ∼130 °C for PS nano-
composites. The SBR samples were further mounted in flat metallic
washers, whereas the PS samples were used as free-standing films
for USAXS measurements. PDMS samples were loaded into thin
glass capillaries with an ID of about 1 mm.

USAXS measurements were performed at beamline 9ID-C,
which is designed and operated by Jan Ilavsky at the X-ray Science
Division at the Advanced Photon Source (APS) at the Argonne
National Laboratory.32,33 Scattered intensity from the specimens
was recorded in the range of 0:0001A

� �1 � q � 0:1A
� �1

using an
incident radiation of λ = 0.5904 Å. The USAXS data sets were
reduced, corrected for background scattering from the polymer,
and subsequently de-smeared to account for slit smearing.
Absolute intensities were scaled by the filler volume fraction. The
Nika and Irena packages for Igor Pro® were employed to reduce
and de-smear the data sets.34,35

Oscillatory rheology

Rheological measurements were performed using a parallel
plate geometry on a Discovery HR-2 rheometer by TA instruments.
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To determine the zero shear-rate viscosity of SBR and PS under
operating conditions, circular disks of about 4 mm thickness with
a diameter of 20 mm were prepared by pressing the samples at
120 °C for 10 min between heated platens. Frequency scans at a
constant strain amplitude of 0.1% were performed at different tem-
peratures (25 °C to 200 °C for SBR and 150 °C to 200 °C for PS in
steps of 25 °C) under nitrogen. These data were subsequently time-
temperature superposed using the Williams-Landel-Ferry (WLF)
equation to generate master curves over a wide frequency range.
The reference temperature for the SBR master curve was 125 °C,
whereas it was 200 °C for PS. These reference temperatures were
chosen based on the processing conditions.

Fourier transform infrared spectroscopy

FTIR spectra from pristine fumed silica powders, listed in
Table I, were obtained on a Nicolet 6700 FT-IR spectrometer. IR
transmittance from the samples was converted into absorbance
using OMNIC® FTIR software. For a quantitative estimate of the
different functional groups on the surface, the ratio of areas under
the peak was considered. For fumed silica, Si 200, the silanol
density on the surface was reported to be 2.8/nm2 through careful
thermogravimetric analysis by Mueller et al.36 This value was used
to estimate the number of siloxane (Si–O–Si) groups per volume of
silica. Under the assumption that the number of siloxane groups
per volume remains constant, the content of all other functional
groups on the surface/bulk can be estimated. The content of the
key functional groups is listed in Table II in the results section.

IR analysis of silica

Figure 1 shows the FTIR absorbance spectra of the different
fumed silica powders. For all grades of fumed silica, strong
sharp peaks lying between 400–530 cm−1, 750–900 cm−1, and
950–1300 cm−1 are associated with the deformation vibration of
O–Si–O, symmetric stretching vibration and antisymmetric stretch-
ing vibration of Si–O–Si, respectively.37–40 It is observed that all
grades show a broad peak between 3000 and 3600 cm−1, as shown
in the inset of Fig. 1(a), which is associated with hydroxyl (�OH)
functionalities on the surface.37,41 Note that the slight dip at
3750 cm−1 is an instrumental artifact. The broad peaks are more

pronounced for Si 150, Si 200, and Si 200HV fumed silicas indicat-
ing a larger surface hydroxyl content as opposed to the surface-
modified fumed silicas. All surface-modified hydrophobic silicas
show a distinct peak between 2950 and 3000 cm−1 as shown in the
inset of Fig. 1(b), which is attributed to the methyl (�CH3) func-
tionalities.41 The peak height correlates with the surface carbon
content. This peak is large for Si 202, Si 208, and Si 8200 indicating
the presence of longer hydrocarbon chains on the surface or a
larger grafting density of carbon functional groups. Notice that this
peak is very small for Si 972, Si 974, and Si 9200, and it is
completely absent for the hydrophilic silicas, Si 150, Si 200, and Si
200HV.

Table II lists the surface hydroxyl and methyl functional
group contents for the different fumed silicas. For Aerosil® Si 200,
the hydroxyl surface content was determined to be 2.8/nm2 via
thermogravimetric analysis.36 Since the siloxane (Si–O–Si) peak in
the region of 950–1300 cm−1 in Fig. 1 results from the bulk of the
fumed silica, this value can be used to normalize the surface
content of the particles knowing the surface area to volume ratio
S
V

 �
from scattering. A ratio of the area under the FTIR peaks can

then be used as a measure of the surface content of each functional
group, x, such that

Ax

ASiO
¼ Nx

NSiO

S
V

� �
¼ Nx

NSiO

6
dp

� �
: (10)

Here, Ax is the area under the broad hydroxyl peak and sharp
methyl peaks for when x ¼ OH and x ¼ CH3 respectively,
whereas ASiO is the area under the sharp siloxane peak. Nx is the
number of hydroxyl groups/nm2 for x ¼ OH or number of
methyl groups/nm2 for x ¼ CH3, whereas NSiO represents the
number of siloxane groups/nm3. For Aerosil Si 200, the hydroxyl

TABLE I. Aerosil fumed silica grades and surface functionalities.

Raw material
Raw

material Surface treatment

Aerosil® fumed
silica

Si 150 Hydroxyl groups with varying
silanol densitySi 200

Si 200HV
Si 202 Grafted with low-MW PDMS
Si 208
Si 972 Treated with

dimethyldichlorosilane (DDS)Si 974
Si 8200 Treated with hexamethyldisilazane

(HMDS)
Si 9200 Proprietary modification of Si 974

TABLE II. Surface-hydroxyl (NOH) and surface-methyl (NCH3 ) content for different
Aerosil fumed silica grades.

Silica
grade

NOH
a (surface

hydroxyl/nm2)
NCH3

a (surface
methyl/nm2)

Predominant
surface functional

groupsb

Si 150 2.80 (±0.001) 0 −OH
Si 200 2.80 (±0.003) 0
Si 200HV 2.41 (±0.002) 0
Si 202 0.25 (±0.001) 0.553 (±0.001) −[(CH3)2Si−O]n

−Si 208 0.025 (±0.007) 0.904 (±0.001)
Si 972 0.44 (±0.002) 0.070 (±0.001) (CH3)2Si−O
Si 974 0.54 (±0.001) 0.031 (±0.001)
Si 8200 1.16 (±0.001) 0.17 (±0.01) −Si(CH3)3
Si 9200 0.85 (±0.002) 0.078 (±0.001) (CH3)2Si−O

aObtained from the FTIR peak analysis for the surface functional groups,
x =OH and x = CH3 and by considering a fixed number of siloxane
groups/nm3 for each fumed silica sample. The error in surface content
results from the propagated error in the surface area to volume ratio S

V

 �
from the measured statistical error in scattering for each fumed silica
powder using Eq. (10).
bFrom product specifications in Table I.
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surface content was determined to be 2.8/nm2 via thermogravi-
metric analysis.36 This measure of NOH was used to ascertain NSiO

from the peak areas in the Si 200 FTIR spectra. NSiO is a constant
for determining NOH and NCH3 for the remaining fumed silica
powders listed in Table II.

From Table II, it can be seen that fumed silicas with
PDMS-grafted on the surface (Si 202 and Si 208) have a larger
surface content of methyl groups as opposed to the fumed silicas
treated with HMDS (Si 8200) and dimethyldichlorosilane (Si 972,
Si 974, and Si 9200), since the number of methyl groups on the
grafted PDMS chain with n∼ 7–8 is larger. Additionally, Si 8200
has a higher methyl content than Si 972, Si 974, and Si 9200. The
inherent differences in chemical structure of the graft species listed
in Table I agree with the computed methyl content in Table II.
Figure 2 compares the number of surface methyl groups/nm2

(NCH3) for treated fumed silicas with the surface carbon content
estimated via carrier gas hot extraction analysis in an elemental
analyzer as listed in the product specifications. In this method, a
weighed sample is combusted in a ceramic crucible at high temper-
atures in the presence of oxygen. The quantity of effused carbon
dioxide is measured by infrared detectors. The ratio of the mea-
sured quantity of CO2 to the initial sample weight is expressed as
the percentage carbon content on the surface of the silica. The
amount of carbon on the surface was determined by normalizing

FIG. 2. Comparison of Csurface determined from the percentage carbon content
in the product specifications and normalized by the surface area to mass ratio
of treated fumed silicas to the number of methyl groups per nm2 (NCH3 ) from IR
analysis. The dashed line indicates a linear relationship. The small positive inter-
cept corresponds to the error in measurement.

FIG. 1. FTIR spectra for different
fumed silica grades; inset figure (a)
showing the broad -OH peaks in the
3000–3600 cm−1 range for all fumed
silicas; inset figure (b) showing the
sharp -CH3 peak in the 2950–
3000 cm−1 range for surface modified
silicas (Si 202, Si 208, Si 972, Si 974,
Si 8200, and Si 9200) but absent for
the unmodified fumed silicas (Si 150,
Si 200, and Si 200HV). Note that the
slight dip at 3750 cm−1 is an instru-
mental artifact.
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the percentage carbon content by the surface area to mass ratio,
Csurface ¼ (%C)/ S=ðVρÞð Þ ¼ (%C)/ 6=ðρdp

 ��
. A strong correlation

(dashed line) supports the estimate of the methyl content on the
surface of the fumed silicas as listed in Table II, using FTIR.

RESULTS

Small-angle x-ray scattering

Figure 3 shows the scattered intensity, I0(q)
f0

vs q for dilute

samples (f0 = 0.0044) of SBR nanocomposites. The dilute curves
are used to measure the filler structure in the absence of significant
correlations. Note that some of the curves were scaled by a decade
for the purpose of distinguishing between curves, although the fits
were performed on unscaled curves. Each curve was fit to the
Unified Function, Eq. (2), indicated by the solid black line. The fit
parameters are listed in Table S1 in the supplementary material.

Figure 3 shows that three structural levels can be observed, each
marked by a power-law slope and a corresponding Guinier knee to
the left of the power-law. In the reciprocal space, each structural level
represents a substructure of the filler hierarchy such that small q
values contain information of the largest size-scale structures. At
q < 0.001 Å−1, a power-law slope of between �3 , P3 , �4 is attrib-
uted to surface scattering from micrometer-scale agglomerates of
fumed silica particles. The larger the slope, the smoother the surface

with the surface fractal dimension being given by ds ¼ 6� P3. It is to
be noted that the Guinier knee for this region, though absent in
USAXS, could be observed in static light scattering or in ultra-small
angle neutron scattering measurements.42

In the intermediate q range, 0.001 < q < 0.03 Å−1, a power-law
slope ranging from �1 � P2 , �3 indicates mass-fractal scattering
from fumed silica aggregates that make up the micrometer-scale
agglomerates. From the corresponding Guinier knee in this region,
the aggregate size (Rg,2) was determined. The q ¼ 0 intercept for
the Guinier region yields the weight average degree of aggregation.
The highest q region, q > 0.03 Å−1, displays surface scattering from
the smallest hierarchical component. This region is also character-
ized by a weak Guinier knee related to the radius of gyration of the
primary particles, Rg,1, which are solid three-dimensional entities
with a power-law slope of P1 ¼ �4 indicating smooth surfaces.
USAXS plots for different fumed silica grades in polystyrene
(f0 = 0.0049) and PDMS (f0 = 0.0041) and the corresponding
Unified Fit parameters are available in Figs. S1 and S2 and
Table S1 in the supplementary material. Additionally, Table S2 in
the supplementary material lists the fit parameters for the different
filler powders of Table I prior to dispersion. The structural infor-
mation of the neat fillers serves as a reference for comparison with
fillers in their mixed state, under the assumption that the aggregate
structure is invariant with concentration.

Effect of processing on size and topology of
aggregates

The fit parameters from Tables S1 and S2 in the supplementary
material were used to compute additional structural and topological
information10,11 about the filler hierarchies before and after disper-
sion as listed in Table III and Table S3 in the supplementary
material. The weight average number of primary particles within an

aggregate or the degree of aggregation, z ¼ G2
G1

� �
þ 1, was deter-

mined from the ratio of the Guinier pre-factors.21,30 The Sauter
mean diameter for the primary particles (the diameter of a sphere
with the same surface to volume ratio), dp ¼ 6 S

V

 ��1¼ 6 πB1
Q1

� ��1

where Q1 is the scattering invariant.11,43 The aggregate end-to-end
distance, Reted ¼ dp(z)

1/df is a measure of the aggregate size using
df ¼ �P2, the mass-fractal dimension of the aggregate, whereas the
polydispersity of primary particles is determined from the prefactors
in the Unified Fit, PDI ¼ G1R4

g,1/ð1:62B1Þ.11 Other topological
parameters such as the aggregate branch content, fbr , the aggregate
conductive path dimension, dmin, and aggregate connectivity dimen-
sion, c, are also listed in Table III.10 In Table III, the derived topolog-
ical parameters for both dispersed and non-dispersed fillers from
scattering are used to simulate similar aggregates using a code pro-
vided by Mulderig et al.20 In Table III, R ¼ Reted/dp is a dimension-
less aggregate size obtained from the simulated structures. The
images of simulated aggregates of Si 200 before and after dispersion
in SBR, PS, and PDMS are shown in Fig. 4. From Table III, it can be
observed that for the same filler, for example, Si 200 which is incom-
patible with the polymers (SBR, PS, and PDMS), a considerable dif-
ference in aggregate topology exists before and after dispersion. For
example, the primary particle size, dp for the hydroxyl-surfaced Si
200 decreased when milled with PS and SBR but increased after

FIG. 3. A log–log plot of the reduced scattered intensity, I0(q)
f0

(f0 = 0.0044) vs
the scattering vector, q for incompatible fillers (Si 200 and Si 200HV) and com-
patible fillers (Si 8200 and Si 9200) mixed with styrene-butadiene rubber. Note
that the curves are scaled by decades for clarity. Each curve was fit to the three-
level Unified Function [Eq. (2)] indicated by the solid black lines. The three
regions have distinct power-law slopes, P1 ¼ �4, �1 � P2 , �3, and �3 ,
P3 � �4 corresponding to the primary particle (smallest), mass fractal aggre-
gates, and agglomerates (largest). The fit parameters for the first two structural
levels are listed in Table S1 in the supplementary material.
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mixing with PDMS. The average number of primary particles per
aggregate, z, showed the opposite trend, indicating that smaller pri-
maries led to a larger degree of aggregation, z. The end-to-end dis-
tance, Reted for Si 200 reduced on mixing with SBR, while it
increased for HMDS treated Si 8200. On the contrary, the fractal
dimension of Si 200 and Si 8200 showed the opposite trend after
mixing with SBR, indicating changes in the branch content coupled
with changes in z. These results indicate that changes in the multi-
hierarchical structure on milling under different surface treatments

are complex. Hashimoto et al. hypothesized that the anisotropy in
an aggregate shape may reflect a difference in binary filler
interactions.6

Rg,1 is expressed as the square root of higher order moments
in size, hR8i/hR6i and is not a good measure of the primary particle
size. For instance, break up of one large cluster that was shifting
the high order moments can drop Rg,1 dramatically without chang-
ing the median particle size. Consequently, the Sauter mean diame-
ter, dp expressed as the ratio of the third to second moment of size

FIG. 4. Simulated aggregates of Si
200 and Si 8200 before [(a) and (e)]
and after [(b)–(d), and (f )] dispersion in
various polymer matrices generated
from the code provided by Mulderig
et al.20 The calculated aggregate topo-
logical parameters approximately agree
with the scattering result in Table III.
Stereographs and rotational videos of
the 3D structures are available in the
supplementary material.

TABLE III. Aggregate topological parameters from scattering results compared with the parameters from simulated aggregates in Fig. 4 for nanocomposites before and after
dispersion.

Filler/nanocomposite dp (nm) Reted (nm) z df dmin c f br PDI

Before dispersion
Si 200 Scattering 12.8 (±0.07) 170 (±4) 160 (±6) 1.97 (±0.01) 1.2 (±0.1) 1.6 (±0.1) 0.84 (±0.05) 10 (±0.5)

Simulation R = 14 158a 1.9 1.3 1.5 0.79 —
Si 8200 Scattering 13 (±0.1) 160 (±5) 220 (±15) 2.17 (±0.01) 1.4 (±0.1 1.6 (±0.1) 0.86 (±0.09) 10 (±1)

Simulation R = 13 223a 1.9 1.2 1.6 0.86 —
After dispersion
SBR/Si 200 Scattering 11.4 (±0.05) 150 (±1) 560 (±10) 2.45 (±0.03) 2.1 (±0.1) 1.2 (±0.1) 0.56 (±0.02) 9 (±1)

Simulation R = 18 550a 2.2 1.5 1.4 0.85 —
PS/Si 200 Scattering 12.2 (±0.05) 105 (±3) 240 (±8) 2.55 (±0.07) 2.1 (±0.1) 1.2 (±0.1) 0.66 (±0.05) 9 (±3)

Simulation R = 13 240a 2.1 1.7 1.3 0.70 —
PDMS/Si 200 Scattering 14.2 (±0.06) 195 (±3) 120 (±3) 1.82 (±0.03) 1.1 (±0.1) 1.6 (±0.1) 0.83 (±0.04) 15 (±2)

Simulation R = 17 118a 1.7 1.1 1.5 0.78 —
SBR/Si 8200 Scattering 13.7 (±0.04) 390 (±3) 800 (±10) 2.0 (±0.01) 2.0 (±0.1) 1.0 (±0.1) 0 (±0.06) 12 (±1)

Simulation R = 29 800a 2.0 1.7 1.2 0.70 —

aInput for simulation.
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is a better measure. Changes in Rg,1 and dp after processing in
Tables S1 and S2 (refer to the supplementary material) and
Tables III and S3 (refer to the supplementary material) respectively,
can be attributed to the particle polydispersity expressed as PDI.
For all filler–polymer combinations, a reduction in Rg,1 and dp
within error after processing is associated with a lower particle poly-
dispersity as expected for most dispersive mixing processes, with the
exception of Si 8200 in SBR and Si 200, Si 202 and Si 208 in PDMS.
For Si 8200 in SBR and Si 200 in PDMS, a marginal increase in Rg,1

and dp after processing and an increased particle polydispersity indi-
cates that the particles clump on mixing. Although, an increase in
polydispersity after mixing indicates nanoclustering for Si 202 and Si
208 in PDMS the mean size, dp drops in both. Rg,1 for Si 202
increases, whereas it decreases for Si 208 in PDMS indicating that
the effects of different processing methodologies for the three classes
of nanocomposites are complex.

Figure 5(a) contrasts the primary particle Sauter mean diame-
ter obtained from the scattering of filler powders with that from
gas absorption/BET specific surface area (SSA) measurements as
listed in the product specifications such that

dp,BET ¼ 6000
ρ SSA

: (11)

Here, the specific surface area is measured in m2/g, and the
silica density is assumed to be 2.2 g/cm3 following Mulderig
et al.20 The dashed black line (upper line) in Fig. 5(a) indicates
that dp,USAXS ¼ dp,BET for incompatible fumed silica powders, in
agreement with Mulderig et al. However, for compatible fillers,
the two values do not agree. Scattering measures both open
and closed pores, while gas absorption only measures open
pores. This could explain a higher specific surface area and a
lower dp for the scattering values from compatible fillers. The
shift could also reflect a lower apparent density [Eq. (11)] for
the compatible, polymer grafted silica aggregates due to the
lower density surface grafted material since the bulk silica
density was used in Eq. (11).

Figure 5(b) compares the aggregate end-to-end distance, Reted

of the fumed silicas before and after dispersion in the three
polymer matrices (with different processing conditions) mentioned
in the Experimental section. Reted was chosen for comparison since
it accounts for changes in dp, z, and df due to processing. The
dashed line in Fig. 5(b) indicates that the ratio of Reted before and
after dispersion is 1. In Fig. 5(b), it can be seen that for incompati-
ble fillers (solid symbols) Reted either reduces or remains constant
after processing. For compatible fillers, a smaller average aggregate
size for extruded polystyrene-based nanocomposites (open red tri-
angles) indicates that the shear forces during extrusion are larger as
opposed to mixing in a Brabender for SBR based nanocomposites
(open blue circles). The vortex mixing procedure for low molecular
weight PDMS (open green square) resulted in the largest aggregate
size. Although compatible fillers (open symbols) showed a reduc-
tion when the surface methyl content was low, a considerable
increase was observed for fillers with a large surface methyl content
(Si 8200, Si 202, and Si 208). This is not unexpected since during
processing the reduction in aggregate size is balanced by agglomer-
ation. Based on the methyl content estimates from FTIR in
Table II, Si 202 has a shorter graft density as opposed to Si 208. In
the low MW methyl terminated PDMS used here, the larger graft
density results in a larger Reted .

Estimation of the second virial coefficient, A2

Systems displaying mean-field interactions

Figures 6(a) and 6(b) show the reduced scattering intensity
under semi-dilute filler concentration, I(q)f , as a function of recipro-
cal scattering vector, q, plotted on the left ordinate for SBR/Si 8200
and SBR/Si 9200 nanocomposites. The corresponding structure
factor, S(q), from Eq. (3) for each concentration is plotted on the
right ordinate. In Figs. 6(a) and 6(b), it can be seen that all I(q)

f
curves match the dilute curve, Io(q)f0

(black circles), at high q indicat-
ing that the primary particle structure remains unchanged with
increasing filler concentration. Thus, S(q) ¼ 1 at high q. However,
I(q)
f diminishes in the intermediate q range for semi-dilute concen-
trations, which indicate the overlap of structural features at the

FIG. 5. (a) A plot comparing the Sauter
mean diameter from fits to the scattering
curves, d p, USAXS before dispersion to
the primary particle diameter from the
specific surface areas listed in the
product specifications, dp, SSA for various
fumed silica grades considering a
density of 2.2 g/cm3. The red dashed
line in (a) indicates a lower apparent
filler density for modified silica; (b) A plot
comparing the aggregate end-to-end dis-
tance, Reted for fumed silicas before and
after dispersion in different polymer
matrices. The dashed black line in (b)
indicates that the aggregate end to end
distance before and after dispersion
remains unchanged.
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aggregate level leading to local percolation.1 At low q
[q , 0:001A

� �1
, indicated by the shaded region in Figs. 6(a) and

6(b)], the semi-dilute concentrations of Si 9200 in SBR show an
approximately constant S(q) since the same −4 power-law slope for

the dilute concentration is observed, although the reduced scatter-
ing intensity from the agglomerates is screened. However, a change
in power law dependence to a mass-fractal power-law of −2.6 slope
(df = 2.6) for Si 8200 in SBR in this same q-region indicates the for-
mation of a large-scale filler network at all semi-dilute
concentrations.

Although the surface hydroxyl content results in correlated
structures, as discussed below, the difference in surface methyl
content listed in Table II could perhaps be responsible for
the formation of a globally percolated structure in SBR/Si
8200 (NCH3 ¼ 0:17/nm2) as opposed to SBR/Si 9200
(NCH3 ¼ 0:078/nm2). Similarly, with decreasing q in the low-q
regime, an approximately constant S(q) is observed for PS/Si 972
and PS/Si 974 [refer to Figs. S3(d) and S3(e) in the supplementary
material] owing to a low surface methyl content listed in Table II.
Although the agglomerate region is absent for PDMS/Si 202 and
PDMS/Si 208 [refer to Figs. S4(b) and S4(c) in the supplementary
material], a steep reduction in S(q) with decreasing q in the low-q
regime indicates that the local nano-scale percolated network extends
globally on the micrometer scale. Thus, a larger surface methyl
content results in global filler networking.

S(q) for each concentration in Figs. 6(a) and 6(b) and Figs. S3
(d), S3(e), S4(b), and S4(c) in the supplementary material was fit to
Eq. (4) from which the screening parameter, υ, was determined.
This value agreed with the q ¼ 0 intercept, S(0), per Eq. (5). The
second virial coefficient, A2, was determined using Eq. (9). S(0) is
inversely related to the packing factor, p, as defined in Eq. (7) and
depends on the filler concentration and the screening parameter, υ,
which is a measure of particle interactions.

The fits per Eq. (4) [indicated by dashed lines in Figs. 6(a)
and 6(b)] at the same volume fraction, for example, f ¼ 0:06 result
in a lower S(0) read from the right axis for SBR/Si 8200 (dashed
blue line) in Fig. 6(a) as opposed to S(0) for SBR/Si 9200 (dashed
red line) in Fig. 6(b) indicating that Si 8200 aggregates pack better
in SBR. This could be attributed to the larger surface hydroxyl
content for Si 8200 (NOH = 1.16/nm2) as compared to Si 9200
(NOH = 0.85/nm2) in Table II. Similarly, at f ¼ 0:04, Si 202 in
PDMS with 0.25 hydroxyls/nm2 [indicated by the dashed green
line in Fig. S4(b) in the supplementary material] shows a better
packing than Si 208 in PDMS with 0.025 hydroxyls/nm2 [indicated
by the dashed red line in Fig. S4(c) in the supplementary material].
Additionally, the packing for Si 972 and Si 974 in PS is comparable
at f � 0:02 as indicated by the dashed blue line in Fig. S3(d) and
dashed green line in Fig. S3(e) in the supplementary material due
to comparable surface hydroxyl contents in Table II. These results
indicate that the arrangement of aggregates and the second virial
coefficient depend on the surface hydroxyl content, NOH.

Systems with specific interactions and a critical
ordering concentration (COC)

Figures 7(a) and 7(b) show the structure factors, S(q) as a
function of reciprocal scattering vector, q for SBR/Si 200 and SBR/
Si 200HV nanocomposites at semi-dilute filler concentrations.
Untreated fumed silicas such as Si 200 have a high �OH surface
content and are characterized by the absence of �CH3 functionali-
ties on the surface. The hydroxyl groups are hydrophilic which

FIG. 6. Reduced scattering intensity, I(q)
f , read from the left axis and the struc-

ture factor, S(q), read from the right axis as a function of reciprocal space
vector, q for (a) SBR/Si 8200 and (b) SBR/Si 9200 at different semi-dilute filler
volume fractions. The dilute reduced scattering intensity, I0(q)f0

vs q at f0 = 0.0044
for both fillers in (a) and (b) marked by black circles is shown for reference.
S(q) was obtained from I(q)

f following Eq. (3). The absence of a peak in (a) and
(b) indicates a mean-field behavior bereft of structural correlations. Fits to S(q)
in (a) and (b) using Eq. (4) are indicated by the dashed lines. The shaded
region at low q deviates from the fits due to large-scale agglomerate structures
and is not included in the fit model.
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detract from their compatibility with SBR. As discussed previously,
S(q) ¼ 1 at high q indicates that the primary particle structure
remains unchanged at all concentrations. A reduction of S(q) in the
intermediate q range up to low volume fractions, f∼ 0.04 indicates
the overlap of structural features at the aggregate level. However, on

further increase in concentration, a peak appears in the intermedi-
ate q region indicating the emergence of correlated structures that
could be attributed to a pronounced filler–filler repulsion owing to
the significant surface hydroxyl content in these systems.

In Figs. 7(a) and 7(b), S(q), for low volume fractions up to
f∼ 0.04, was fit using the mean-field equation (4) (red dashed
lines). In order to account for the emergent correlated structures at
higher volume fractions, Eq. (6) was used (solid lines). The absence
of a correlated peak at lower concentrations indicates that correla-
tions between aggregates in these systems are related to the distance
between aggregates, which reduces with increasing concentration.
For low dielectric materials, the Debye screening length is small,
λD � κ1/2. This means that repulsive forces due to the charged
aggregates are only felt at short distances or at moderate concentra-
tions. When the average aggregate separation distance approaches
λD, a critical ordering concentration (COC) is reached, and the
system can no longer be described with a mean-field model.

The fit parameters to the solid lines in Figs. 7(a) and 7(b)
indicate that the correlation distance/mesh size averaged over all
domains of varying accumulated strain, hξi, is related to the peak
position for higher concentrations as shown later. Additionally, the
peak width is mostly a measure of the log-normal standard devia-
tion, σ from Eq. (6). The packing factor, p from the fits per Eq. (6)
can alternatively be estimated from S(q ¼ 0), Eq. (7). The estimate
of p from Eq. (6) was used to determine the screening parameter, υ
from Eq. (8) which was used to determine A2 from Eq. (9).

Figure 8 shows a cartoon of the structural rearrangement of
aggregates with increasing concentration of fillers with only
hydroxyl functionalities on the surface in incompatible systems
such as Si 200HV in SBR. Variable strain in different locations lead
to domains of different correlation lengths. At low concentrations
below fCOC, aggregates are randomly arranged and can be
described with a mean-field model, whereas domains of correlation
appear at higher concentrations, above a critical ordering concen-
tration associated with the interaggregate distance/mesh size
reducing below λD. The emergence of a correlation peak in
Figs. 7(a) and 7(b) with increasing concentration seems to indicate
that a free energy change on ordering, ΔG, exists analogous to the
free energy change on micellization. In analogy to the critical micelle
concentration, the critical ordering concentration might be given by

fCOC ¼ exp ΔG
γ

� �
, where the accumulated strain, γ, is used in

viscous systems governed by kinetic dispersion in a similar analogy to
the temperature in thermally dispersed systems since both temperature
and accumulated strain favor dispersion in a similar manner. For low
viscosity PDMS nanocomposites, it might be considered that both

thermal and kinetic dispersion contribute so fCOC ¼ exp ΔG
{kγþRT}

� �
where k is a constant that relates thermal and kinetic mixing energy.

The correlation length between aggregates is determined by
the concentration, the charge on the aggregates, dielectric constant
of the media, and by the local accumulated strain. The aggregates
are distributed into domains distinguished by different correlation
length associated with variable accumulated strain in different
regions of the sample. At low concentrations, particles are separated
by distances larger than the Debye screening length, λD, and the
effect of the charged surface hydroxyls is not felt by adjacent

FIG. 7. A plot of the structure factor, S(q), vs the reciprocal space vector, q for
(a) SBR/Si 200 and (b) SBR/Si 200HV with filler volume fractions varying from
f∼ 0.04 to f∼ 0.12. No peak is observed for the lowest concentration and the
data is fit to Eq. (4) as indicated by the dashed red lines. A peak is observed
with increasing concentrations indicating the emergence of correlated structures
and the solid lines are fit per Eq. (6). Note that the peak for f∼ 0.07 indicated
by the blue squares in (a) is very shallow. The shaded region at low q deviates
from the fits due to large-scale agglomerate structures.
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aggregates within a domain resulting in a random distribution and
mean-field behavior. With increased concentration, the correlation
length or mesh size within the domains is reduced below λD such
that the repulsive charges result in aggregate ordering within the
domains. Different accumulated strain domains contain ordered
structures with different mesh sizes, which averaged over all
domains can be modeled through Eq. (6). Although incompatible
fillers mixed with SBR display a correlation peak in Figs. 7(a) and 7(b),
this effect was not observed when the same fillers were mixed with
PS and PDMS as shown in Figs. S3(a), S3(b), S3(c), and S4(a) in the
supplementary material since these systems were still below their
critical ordering concentration, except PS/Si 200 which shows a
broad and weak correlation peak at f = 0.06 in Fig. S3(b) in the
supplementary material. The dielectric constant for PS44 and
PDMS45 is similar, κPS � 2:5 and κPDMS � 2:56, whereas the dielec-
tric constant for SBR, κSBR � 6:25.46,47 This means that for similar
particle charges the Debye screening length is about 1.58 times
larger for SBR and the critical ordering concentration above which

charges lead to repulsion and ordering should be about four times
lower for SBR in agreement with the observed behavior.

Figure 9(a) shows the average mesh size, hξi obtained from
the S(q) fit to Eq. (6) in Figs. 7(a) and 7(b) as a function of f�1/df

for different filler concentrations. A linear dependence indicates
that the mesh size scales with its fractal dimension in agreement
with Mulderig et al.19 Additionally, hξi from the fits was compared
to the mesh size, hξi ¼ 2π

q0 , where q0 corresponds to the peak posi-
tion in the S(q) plots. The two values are in good agreement for
larger filler concentrations indicating that stronger specific interac-
tions modeled via Eq. (6) can be reduced to a two-parameter fit.
Equation (6) has three fit parameters: the mesh size averaged over
all domains, hξi; the aggregate packing, p; and the geometric stan-
dard deviation, σ. S(q) as a function of q is fit using a least-squares
minimization involving a numerical integration of the average
mesh size, hξi. At large concentrations, where hξi from the fit
approximates hξi from the correlation peak, the two fit parameters
that remain are p and σ.

FIG. 8. A cartoon showing the critical
ordering in incompatible filler-polymer
systems such as Si 200/SBR with
increasing filler content. The transition
is marked by the emergence of a cor-
relation peak at intermediate q in scat-
tering above the critical ordering
concentration, fCOC that indicates the
formation of domains of correlation.

FIG. 9. (a) A plot comparing the mesh
size or correlation distance to a func-
tion of filler concentration suggested by
Mulderig et al.19 The mesh size is
obtained from the peak position in the
S(q) plots and from fits of S(q) to
Eq. (6) in Fig. 7; (b) a plot showing the
variation in geometric standard devia-
tion vs volume fraction filler determined
from the S(q) fits to Eq. (6) in Fig. 7 for
Si 200 and Si 200HV in SBR. The
shaded region in (a) and (b) indicates
the onset of the critical ordering con-
centration, fCOC , below which at low
volume fractions the system displays a
mean-field behavior.
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Figure 9(b) shows the geometric standard deviation for the
mesh size from the fit to Eq. (6), σ, as a function of the filler
volume fraction. σ decreases with volume fraction for both Si 200
and Si 200HV in SBR indicating a narrower distribution of correla-
tion lengths as the packing becomes closer and the electrostatic
interactions begin to dominate over the accumulated strain distri-
bution. The σ values for the two fillers are almost identical indicat-
ing that the distribution in accumulated strain is related to the
mixer geometry and matrix viscosity. The average accumulated
strain for nanocomposites processed with the same mixer geometry
at a constant fill volume is a function of the mixing duration,
matrix viscosity, and shear rate. Since both Si 200 and Si 200HV
were mixed with SBR under the same conditions, it is hypothesized
that σ is related to the average variability in accumulated strain in
the processed nanocomposites. An increase in the variability in
accumulated strain would lead to a larger distribution of mesh
sizes.

Figure 10 shows A2 normalized by M2

NA
, where M represents the

aggregate mass, for the fumed silica fillers in different matrices. In
PS, the normalized A2 for incompatible fillers (solid red triangles)
is generally larger (better dispersion) than that for compatible
fillers (open red triangles). However, in SBR and PDMS, compati-
ble fillers (open blue circles and open green squares) disperse
better, as indicated by larger A2 values for Si 8200 in SBR, and
surface grafted-PDMS on Si 202 and Si 208 in PDMS matrix. This
could be attributed to an enhanced packing, p which is inversely
related to S(0) in Fig. S4 in the supplementary material and indi-
cates a better distribution of Si 202 and Si 208 aggregates in PDMS.
Additionally, for all three compatible fillers (Si 8200 in SBR, and Si
202 and Si 208 in a PDMS matrix), a significant increase in the
degree of aggregation, z after processing, as listed in Tables III and
S3 in the supplementary material, results in a larger aggregate
volume, V2, that is directly related to the normalized A2. Both the

topological changes and the aggregate arrangement in the matrix
are intimately tied to the processing history and the surface charac-
teristics as discussed below.

If the amount of surface methyl content is chosen as a qualita-
tive measure of compatibility in non-polar PDMS, with greater
NCH3 indicating better compatibility, then PDMS/Si 208 and
PDMS/Si 202 (open green squares in Fig. 10) represent systems
with WPF

WFF
. 1, where WPF is the work of adhesion of the filler to

polymer and WFF is the work of adhesion of the filler to itself as
defined by Hassinger et al.31 Concomitantly, PDMS/Si 200 (closed
green square in Fig. 10) represents an incompatible system with
WPF
WFF

, 1. A larger value of A2 for PDMS/Si 208 and PDMS/Si 202
as opposed to PDMS/Si 200 indicates that enhancing compatibility
improves filler dispersion in agreement with Hassinger et al.31 For
compatible PDMS (Si 202 and Si 208) systems, the ratio of the
matrix to the graft chain length is approximately 1. The variation
in methyl content in Table II indicates that the graft density for Si
208 (∼0.9/nm2) is larger than that for Si 202 (∼0.55/nm2). Kumar
et al.48 proposed a phase diagram that relates the structural changes
in polymer grafted nanocomposites to the graft density and the
ratio of matrix to graft chain lengths. From the above estimates for
the PDMS/Si 208 system, well-dispersed nanoparticles are expected
which agrees with the larger dispersion observed for Si 208 in
PDMS. Although, a connected sheet morphology for Si 202 is
expected from Kumar et al.48 this could not be verified.

Impact of surface methyl and hydroxyl content on A2

Van der Waals expression for A2

The dependence of the normalized A2 on processing conditions
has been modeled with a pseudo van der Waals function, where an
analogy between temperature and accumulated strain is used,

A2
M2

NA

� �
¼ b*� a*

γ
, (12)

where b* is the excluded volume and a* is proportional to the attrac-
tive energy between aggregates in the context of the accumulated
strain, γ, which is proportional to strain energy, and replaces temper-
ature or thermal energy, RT , in the usual van der Waals expression.
For constant shear rate and mixing geometry, the accumulated strain,
γ, is approximately proportional to the mixing time.16,17 In Refs. 16
and 17, mixing time was varied and Eq. (12) was solved for a* and
b*. In these two references, it was consistently found that the excluded
volume, b*, could be calculated from the structural parameters
obtained in the dilute Unified Fit. b* was found to reflect the contour
volume of the chain aggregate, 4zVpp, where Vpp is the volume of a
primary particle, Vpp ¼ πd3p/6 for the neat silica and carbon black
powders. In the current study, measurements at different accumulated
strains were not possible so b* was calculated from the structural
parameters obtained from the dilute scattering patterns. This allowed
for the determination of the energetic term, a

*

γ from the measured A2

values.
In these elastomer nanocomposites, the calculated b* is consis-

tently larger compared to that of the neat powders reflecting the
bound rubber layer. Δb*¼b*nanocomposite � b*neat powder is a measure of

FIG. 10. A plot of A2 normalized by M2

NA
for each fumed silica filler/polymer com-

bination in this study. A larger value of normalized A2 represents better
dispersion.
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the surface volume occupied by bound rubber chains and grafted
chains. Figure 11 shows the bound polymer determined from the
difference in excluded volumes, Δb*, of the fumed silicas in the
three polymers as a function of surface methyl content (NCH3 )
before and after processing. It can be seen that Δb* increases with
increasing NCH3 indicating that the compatibilization of the filler
with the polymer matrix positively impacts the bound rubber layer,
thereby enhancing b* after processing.

From b*, the parameter a*
γ can be determined using the mea-

sured A2 values in Eq. (12). γ can be estimated from the mixing
time, extruder residence time, or vortexing time and an estimate of
the mixing speeds for the three mixing geometries. γ ¼ NΨt was
considered where N represents the mixing speed, t represents the
mixing time, and Ψ accounts for the mixing geometry.16,17 The
geometry effects can be ignored if all polymers are processed on
the same equipment.16,17 For Brabender mixing of SBR nanocom-
posites, the twin-rotor internal mixer can be approximated using a
simple Couette flow following Bousmina et al.49 such that

Ψ ¼
�
4π(β)2=n

�
/
�
n (β)2=n � 1
n o�

. Here, β is the ratio of wall to

rotor diameter equal to 1.14 for the Brabender geometry in this
experiment, and n is the power-law index under shear flow which
was estimated to be approximately 1 for SBR by Sadhu and
Bhowmick.50 For the extrusion of PS nanocomposites, the single-
screw extruder mixing geometry constant can be approximated fol-
lowing Hassinger et al.31 as Ψ ¼ π{d�2H(L)}

H(L) , where d is the screw
diameter and H(L) is the channel depth that depends on the screw
length, L. For the extruder used in this study, d = 11.7mm and the
channel width at the end of the metering zone, i.e.,
H(343 mm) ¼ 1mm. For PDMS subject to vortex mixing, the
vortex mixer was approximated by an equivalent bob-cup geome-

try. Considering a large cylinder gap for this geometry, Ψ ¼ 2π(2R2)
(R2�r2)

at the axis of rotation, where R is the cup radius and r is the radius
of the bob.51 For this experiment, r � R was considered such that
Ψ reduces to 4π.

Figure 12 shows the attractive energy, a* described above as
a function of the surface content of both hydroxy and methyl
groups. Negative values of a* indicate repulsion of aggregates,
while positive values drive clustering and separation. In Fig. 12,
a* is plotted as a function of the surface concentration,
fsurf ¼ NOH þ k0NCH3 þ k00NOHNCH3 on a log scale, where k0 is a
measure of the relative impact of the hydrophobic (NCH3 ) and
hydrophilic (NOH) surface functionalites. Additionally, k00 in the
cross term accounts for the blocking of interactions by the two
surface groups, for example, hydrocarbon chains could shield
hydroxyl groups from interaction with the matrix or with other
filler aggregates.

For PS, SBR, and PDMS based nanocomposites, the attrac-
tive energy term, a*, shows a logarithmic dependence on the
surface concentration of functional groups with the same func-
tional form as exp Energy

kT

 �
, with kT being replaced by C1 or γ.

This indicates that the balance between interparticle repulsions
and the accumulated strain that dictates the extent of dispersion
is impacted by the effect of both hydrophilic and hydrophobic
surface groups.

In Fig. 12, the points for SBR, PS, and PDMS nanocomposites
are distinguished by blue circles, red triangles, and green squares.
These three sets of samples are fit separately since the energetics of
interaction, a*, and accumulated strain, γ, differ between the sets. k0

is negative for PS but positive for SBR and PDMS. A negative value
of k0 indicates that the addition of methyl groups reduces the
attraction between particles in the context of that polymer matrix
and those processing conditions. PS shows a negative k0, while SBR
shows a relatively large positive k0 indicating that the addition of
methyl groups to the silica surface in SBR enhances aggregate
attraction.

k00 reflects the impact of the addition of methyl groups on
the activity of hydroxyl groups. A negative value of k00 indicates
that methyl groups diminish the activity of hydroxyl groups in
enhancing attraction between aggregates. A value of k00 of zero
indicates no symbiotic interaction between the groups. This
occurs for SBR. A positive value of k00 indicates that the the inter-
actions of the two surface groups in the attraction of aggregates
are symbiotically enhanced. For PS and PDMS, the hydroxyl and
methyl groups are symbiotic.

The constant C2 reflects the relative intensity of the impact of
the two surface functional groups on aggregate interaction energy
in the context of kinetically dispersed nanocomposites.
Additionally, the different slopes represented by C1 to the fits in
Fig. 12 for the three polymers can be attributed to the different
matrix viscosities and the overall accumulated strain due to the dif-
ferent mixing geomtries.

In the context of accumulated strain as an energy of disper-
sion, the viscosity of the matrix polymer governs the dispersibility
of the nanoaggregates. That is, for the same accumulated strain,
the impact on particle dispersion is smaller for higher viscosity
polymers since it is more difficult to transport aggregates in a
more viscous media. The matrix viscosities for SBR and PS at

FIG. 11. A plot showing the bound polymer content (Δb�) determined from the
excluded volumes of the filler aggregates before and after dispersion as a func-
tion of surface methyl content (NCH3 ). The dashed line indicates that Δb

� is pro-
portional to NCH3 determined from FTIR.
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processing temperatures of 125 °C and 200 °C, respectively, were
determined through oscillatory rheology measurements by con-
structing master curves based on the WLF equation. From the
master curves shown in Figs. S5 and S6 in the supplementary
material, the dynamic viscosity at lowest frequency was chosen
as the zero shear rate viscosity (∼104 Pa s for PS and ∼105 Pa s
for SBR) using the Cox–Merz rule.52 Additionally, the viscosity
of PDMS at room temperature was ascertained form the product
specifications (3 cSt ∼ 2.7 × 10−3 Pa s). Figure 13 shows the slope
for the a* fits in Fig. 12 normalized by the accumulated strain,
C1
γ , as a function of the zero shear rate viscosities, η for all three
polymers at their respective processing temperatures. A linear
dependence confirms that C1 is a measure of the total strain
energy that accounts for the accumulated strain and the polymer
viscosity on dispersion in the van der Waals function proposed
above.

In summary, filler compatibility in non-polar polymers
depends on the presence of charged-hydroxyl or neutral-methyl
surface moieties. Filler interactions in conventional as well as
surface-modified fumed silica aggregates display a mean field
behavior below fCOC, where the aggregates are separated by dis-
tances larger than the Debye screening length, λD, and the interag-
gregate repulsion due to surface charges is not felt by the adjacent
aggregates (Fig. 14). Above fCOC , the correlation length or mesh
size reduces below λD such that the repulsive charges result in the
emergence of correlated aggregates. fCOC bears some resemblance
to the critical micelle concentration in that it reflects a transition
from disordered to ordered states in concentration. fCOC reflects a
balance between the free energy of ordering and the overall accu-
mulated strain imparted during dispersion, which plays the role of

temperature in dispersing the filler aggregates. The interaction
energy from the van der Waals expression is a synergistic result of
the relative amounts of the two surface functionalities as summa-
rized in Fig. 14.

FIG. 13. A plot showing the dependence of the slope of the fits in Fig. 12
normalized by the computed accumulated strain, C1

γ , on the zero shear rate
matrix viscosity, η at the processing temperature. Calculations of the accu-
mulated strain, γ, for all three mixing geometries are detailed in Table S4 in
the supplementary material. The dashed line in (c) indicates a linear
dependence.

FIG. 12. A plot showing the relative
impact of both hydroxy (NOH ) and
methyl groups (NCH3 ) surface concen-
tration on the attractive energy (a�).
The dashed (PDMS), solid (SBR) and
dash-dotted (PS) lines are fit to
a�¼C1ln(C2fsurf ) which has the same

functional dependence as exp Energy
kT

� �
on concentration, where a� is an attrac-
tive energy.
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CONCLUSIONS

The effect of polar and non-polar surface functionalities on
the dispersion of fumed silica nanofillers in various non-polar
polymer matrices, viz., polystyrene, SBR, and PDMS was studied.
The hydrophilic (polar) silica grades contained only hydroxy
groups on the surface, whereas the treated hydrophobic (non-polar)
silica grades contained both hydroxy and methyl surface groups.
The surface concentration of these groups was determined using
FTIR spectroscopy. Structural analysis and aggregate dispersion
were quantified through USAXS. PS based nanocomposites were
extruded, while SBR based and PDMS based nanocomposites were
dispersed in a Brabender mixer and vortex mixer, respectively. On
mixing of silica with polymer, the average size of the primary parti-
cles can increase or decrease. This is associated with the added
functionality, the polymer matrix, and the accumulated strain.
Aggregates also change in the degree of aggregation and in branch
content after mixing with an elastomer. This behavior can be
explained with simple associations related to compatibility or
incompatibility as well as the fact that smaller nanoparticles more
easily aggregate. The largest scale agglomerate or filler network
structures also show predictable trends with surface modification
such that bound polymer content increased with increased surface
methyl content.

Incompatible systems comprised of fillers with a polar surface
in non-polar polymers resulted in concentration dependent order-
ing for polymers. A critical order concentration, fCOC, analogous
to the critical micelle concentration, was observed. This was
impacted by the Debye screening length, λD, which could be
changed with the dielectric constant, κ, of the matrix polymer. A
van der Waals function was used to model the second virial coeffi-
cient as a function of the accumulated strain in analogy to tempera-
ture. The accumulated strain could be calculated from the mixing

duration, mixing geometry, rotor speed, and the polymer viscosity.
The van der Waals function yielded the excluded volume, which
could be used to determine the bound polymer content and an ener-
getic term that was related to the surface concentration of both
hydroxyl and methyl groups. An exponential dependence of the
energetic term balanced by the accumulated strain on the surface
concentration of functional groups indicated that the proposed
model is well behaved. It is found that the emergence of a complex
multi-hierarchical structure can be tuned in an understandable and
predictable way with surface chemistry, but that the resulting struc-
tural emergence is fairly complex and in some cases counterintuitive.

SUPPLEMENTARY MATERIAL

See the supplementary material for the fit parameters and cal-
culated aggregate topological parameters for fumed silica fillers
before and after dispersion in SBR, PS, and PDMS polymers; I0(q)f0

vs
q for dilute filler concentrations in PS and PDMS nanocomposites;
S(q) vs q for semi-dilute filler concentrations in PS and PDMS
nanocomposites; rheological master curves for neat PS and SBR
polymers at processing temperatures. The supplementary material
also includes stereographs of the six three-dimensional structures
determined from scattering in Fig. 4 as well as video files of these
structures showing 3D rotation.
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