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ABSTRACT

In polymer nanocomposites, surface modification of silica aggregates can shield Coulombic interactions that inhibit agglomeration and formation of a network of
agglomerates. Surface modification is usually achieved with silane coupling agents although carbon-coating during pyrolytic silica production is also possible.
Pyrogenic silica with varying surface carbon contents were dispersed in styrene-butadiene (SBR) rubber to explore the impact on hierarchical dispersion, the
emergence of meso-scale structures, and the rheological response. Pristine pyrogenic silica aggregates at concentrations above a critical value (related to the Debye
screening length) display correlated meso-scale structures and poor filler network formation in rubber nanocomposites due to the presence of silanol groups on the
surface. In the present study, flame synthesized silica with sufficient surface carbon monolayers can mitigate the charge repulsion thereby impacting network
structural emergence. The impact of the surface carbon on the van der Waals enthalpic attraction, a*, is determined. The van der Waals model for polymer
nanocomposites is drawn through an analogy between thermal energy, kgT, and the accumulated strain, y. The rheological response of the emergent meso-scale

structures depends on the surface density of both carbon and silanol groups.

1. Introduction

Nanoscale silica is produced either by wet synthesis, such as
precipitated silica, or thermally, such as pyrogenic, or fumed silica.
High-temperature thermal synthesis is achieved via flame, ovens, elec-
tric or plasma arcs. Commercial flame synthesis involves the pyrolysis of
silicon tetrachloride in an oxygen-rich atmosphere to produce fumed
silica. Precipitated silica is commercially produced by acid neutraliza-
tion of water glass (sodium silicate solutions). Silica nanoparticles have
been extensively applied in a wide range of fields from tires to filtration
media [1-3]. In tires, wet grip and rolling resistance are two essential
properties. Wet grip is related to handling on a wet road and is measured
in a dynamic mechanical or oscillatory shear experiment by higher tans
values at 0 °C and 1 Hz [4]. Rolling resistance is associated with energy
loss induced by the deformation of the contact area and the damping
properties and is improved with lower tans values at 60 °C and 1 Hz
[5-8]. Consequently, a goal in tire research is to reach a compromise
between reduced tané values at 60 °C and increased tané values at 0°C

[9].
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Dispersion of nanoparticles (estimated through the molar second
virial coefficient, By, discussed later) in viscous polymers is dictated by
mixing kinetics [10,11], filler-matrix interfacial compatibility (for
example silane treatment of nano-silica [12-15], organophilization of
montmorillonite [16,17], and acrylate treatment of olive stone waste
[18]), the interaction potentials between particles [19,20], and matrix
viscosity [21]. Nanofillers such as silica impact the properties of elas-
tomeric nanocomposites. The literature reports that poor dispersion
hinders the enhancement to properties such as modulus and tear resis-
tance [22-24], although it has been argued that the influence of the state
of dispersion on nanocomposite properties is tied to the physical state of
the polymer (glassy/melt) [25]. In a simplistic view, poor dispersion
might result from clustering and agglomeration of nanoaggregates to
minimize their surface area. However, the situation is more nuanced
since the structure of fillers in elastomers is multi-hierarchical relying on
local clustering of aggregates of primary particles [20,26,27]. These
local clusters agglomerate into a micron-scale filler network that en-
hances tear resistance and conductivity [28-32]. Dispersion on these
multiple size scales can be influenced by processing and by
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compatibilization, leading to a complex structural emergence.

Rubber has a low dielectric constant, so it is not expected to observe
Coulombic repulsion between embedded filler particles. However, it was
recently found that Coulombic repulsion between aggregates of un-
modified silica at filler concentrations above a critical value associated
with the Debye screening length does, in fact, occur in typical elasto-
meric compounds [19]. It might be expected that Coulombic repulsion
of nanoaggregates would improve dispersion and therefore enhance
properties. To the contrary, this type of local dispersion is detrimental to
nanocomposite properties since it prevents the formation of local
aggregate clusters, and hence a network of these clusters on macroscopic
scales [26-32]. For this reason, it is desirable to prevent Coulombic
repulsions between silica aggregates as depicted in Fig. 1(a), thereby,
enhancing nanoscale dispersion (large Bz) and allowing the formation of
clusters of aggregates that can assemble into an emergent macroscopic
network (larger correlation length, &) as shown in Fig. 1(b). Filler
nanoparticles are immiscible in the polymer matrix which results in the
formation of these clusters of repulsive particles and repulsion opposes
the natural tendency to phase separate resulting in a locally correlated
system in Fig. 1(a). Bulk separation of filler is opposed by the accumu-
lated strain. Immiscibility and kinetic dispersion also drive network
formation in the absence of surface charges on nanoparticles in Fig. 1(b).
In both cases, charged and uncharged aggregates, the equilibrium state
would be completely phase-separated particles.

1.1. Surface modification of silica

The density of surface silanol functional groups on silica, schemati-
cally shown in Fig. 2(a), dictates the extent of surface electrostatic
charges that affect the extent of repulsive Coulombic interactions be-
tween nanoaggregates. These correlations present a correlation peak in
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Fig. 1. (a) Silica aggregates with charge dispersion and specific interactions.
(b) Clusters of aggregates that display mean field interactions between aggre-
gates on the nanoscale. ¢ indicates the correlation length. Nanoscale Coulombic
repulsion prevents formation or agglomerates of aggregates and the resulting
agglomerate network formation at macroscopic scales required for improve-
ment in performance.
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X-ray scattering (described below) [19,20]. Surface modification of sil-
ica involves reacting silanol moieties with neutral functional groups like
hexamethyldisilazane, shown in Fig. 2(b), dimethyldichlorosilane, and
polymethylhydrosiloxane [33]. Neutral particles do not have specific
Coulombic interactions, will not correlate, and their interactions can be
approximated by a mean-field, as discussed below [19]. The surface of
fumed silica particles is characterized by the presence of the isolated
silanols, neighboring hydrogen-bonded vicinal silanols and siloxanes,
and geminal silanols that share a silicon atom and are too close to
hydrogen bond together, statistically distributed over the surface. For
CaboSil®, a commercial grade of fumed silica, the geminal and isolated
silanols on the surface were estimated to be about 20% and 43%,
respectively whereas the rest are comprised of siloxanes as measured
through 295i CP-MAS spectroscopy [34]. Similarly, silica gel which is
akin to precipitated silica had about 10% geminal and 61% isolated
silanols indicating that the total silanol content is approximately equal
for both types of silica, although many of these silanol groups are also
hydrogen bonded [34]. Owing to these polar silanol moieties on the
surface, fumed silica, on the nanoscale, is incompatible with non-polar
hydrocarbon polymer matrices [35-37]. Further, with repulsive sur-
face charge, particles cannot cluster so a weakly ordered array of
ramified aggregates results at sufficient concentration for charge inter-
action, that is for aggregate separation distances smaller than the Debye
screening length [19].

Dispersion of silica nanofillers in elastomer is generally enhanced by
the introduction of a silane coupling agent during melt compounding,
Fig. 2(b) [22,38-41]. The intent is to improve filler-polymer in-
teractions. Grades of pyrogenic silica are available with chemically
treated surfaces adding carbon functionality or short-chain hydrocar-
bons on the surface prior to compounding. Fig. 2(b) and (c) illustrate
two types of chemical modifications on the surface of fumed silica. A
novel surface modification technique relies on the introduction of a
carbon precursor during flame synthesis [42]. Kammler et al. [43]
synthesized carbon-coated silica using a commercial hydrogen-air
burner, by oxidation of hexamethyldisiloxane (HMDSO). It was found
that by increasing the production rate and lowering the hydrogen con-
centration in the flame at a constant air-flow, nano-aggregates of
carbon-coated silica could be produced with varying surface carbon
content [43]. Kammler et al. [43] showed that the silica precursor
rapidly reacts to SiOy nanoparticles followed by surface condensation of
a graphitic carbon layer, Fig. 2(c).

1.2. Assessing binary interactions and filler dispersion

The physical properties of silica-filler/polymer nanocomposites
depend on the colloidal structure of the particles. During flame syn-
thesis, the aggregate structure that extends from a few nanometers to
about a micron result directly from coalescence of unstable silica
nanodroplets which form in the reaction zone of the flame. Further
downstream, at lower temperatures, solid, stable primary particles
emerge that continue to collide and fuse into fractal aggregates. These
aggregates can also collide to form micron-scale agglomerates. This
structural hierarchy is preserved even after high shear mixing with a
polymer.

Combined small-angle (SAXS) and ultra-small angle (USAXS) X-ray
scattering are useful to characterize hierarchical structures spanning
multiple length scales. The scattered intensity, I(q), from a binary
nanocomposite is iotal(q) - Iback(q) = pV< Aﬂ>2P(q)S(q), where Ip,ck(q) is
the scattered intensity from the isolated polymer matrix, which is sub-
tracted before extracting structural information for the filler. Here, q is
the momentum transfer or reciprocal space vector with units of inverse
length. <Ap>? is the scattering contrast, or the electron density differ-
ence squared between the filler and the matrix. V represents the particle
volume, ¢ =nV/Vioq is the filler volume fraction, and n/Vig is the
number density of particles. The structural details of the filler are
determined from the form factor, P(q), while the interparticle structure
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Fig. 2. Illustrations of the different chemical species on the surface of silica. (a) Isolated silanol groups on as-produced silica. (b) Hexamethyldisilazane treated silica.

(c) Carbon/soot coated silica.

factor, S(q), describes the correlation of aggregates [19]. Note that when
the filler is present in dilute concentrations, i.e., ¢ = ¢ho, S(g) = 1 and the
form factor can be determined directly from the scattered intensity.
Although P(q) for simple shapes such as spheres is well known, indus-
trial and commercially relevant fillers are far from perfect. The form
factor for these complex multi-level hierarchical structures spanning
various length scales can be described using the Unified scattering
function [44-46],

1(q) / o= g[(Gi,o /¢o> exP( - ‘IZR;-/3>
+(bio/90) (@) " exp( R, /3))]

g =q /ert(kqRei/VE ) W

In eq. (1), In(q)/¢o is the reduced scattering intensity. i represents the
index for the structural level such that 1 represents the smallest struc-
tural level, the primary particles. g;* is a reduced parameter which de-
scribes, the transition between the power law and Guinier regimes
within a structural level [45]. G; is the Guinier pre-factor proportional to
the number density of the particles and <Ap>2, Ry is the respective
radius of gyration, whereas for the mass fractal aggregate level 2,
by =G4 (C, ,zdmin/Rg,fz)I" (d¢/2), here lower case “b” is used to distinguish
from the molar second virial coefficient, “By”. Cp2 is the aggregate
polydispersity factor, which measures the polydispersity of aggregate
mass, 2 = (G2/G1) + 1 [47]. I'(x) is the gamma function, df is the mass
fractal dimension while dn, is the minimum dimension or the mass
fractal dimension of the weight average minimum path (short-circuit
path) through a given structure. Each structural level also comprises a
power-law region from which the power-law exponent, P;, can be
determined, describing the type of structure for that level, >3 solid
structure with k = 1, <3 fractal or low-dimensional object with k ~1.06.

The interparticle structure factor, S(q), becomes relevant above the
local percolation threshold at commercial filler loading levels, ¢ >> ¢*,
in the semi-dilute regime. In the absence of specific, Coulombic corre-
lations in the case of neutral/surface modified particles, S(q) smoothly
rises to a plateau in q as a signature of mean-field behavior. The extent of
structural screening, ¢v, can then be quantified through the mean-field
random-phase approximation (RPA) [19,20] such that,

Sq)= (1 + {p(lo(a)/o)}) " )

For silica with surface hydroxyls, local correlated structures emerge
for filler concentrations above which particles interact within the Debye
screening length. These correlations are characterized by a peak in the
scattering profile associated with the presence of silanol groups on the
surface [20]. The structure factor, using the Born-Green approximation
for polydisperse correlations can be expressed by,

S(q) = / P(E) [1 +pblg, &) de ®

Here, P(£) represents a log-normal distribution for correlation
lengths with a geometric mean of <¢&>. 6(q,&) = 3{sin(qgé) - (g&)cos
(g&)}/(qé)®, represents the spherical amplitude function such that ag-
gregates arrange in a spherical correlation shell. p is the volumetric
packing factor that describes the degree of aggregate adherence to this
domain shell, larger p the greater the adherence, 0 indicates no adher-
ence for a random arrangement [19].

As g = 0, S(0) = (1 + {¢pv 3" ,Gio/do}) " in the mean-field equa-
tion (eq. (2)). Additionally, S(0) = (1 —i—p)’1 in the specific interactions
eq. (3). In this way mean-field behavior can be directly compared with
specific interactions through, v = p/(¢ 311 Gio /¢o) [19]. v is related to
the pseudo-second-order virial coefficient, By, as shown by Vogtt et al.
[48] for equilibrium micellar systems and extended to non-equilibrium
systems such as industrial nanocomposites by Jin et al. [49] such that,

B, =u(ap)2 (nd)6) /2 )

Here, d, = 6(S/V) 1 :6(15171/Q1)’1 is the Sauter mean diameter of
the primary particles which depends on the scattering invariant (Q;)
determined as the area under the Unified fit curve in an g2Iy(q) vs. g plot
for level 1. Note that (S/V) represents the surface area to volume ratio of
the primary particle. The units of B,, are cm®/aggregate. The molar
second virial coefficient of osmotic pressure, By, quantifies colloidal
interactions [50]. By links the microscopic and the macroscopic prop-
erties of a thermodynamic system, such as the interaction potential and
osmotic pressure. Miscibility in thermally dispersed systems such as
colloidal dispersions can be quantified through the mass-concentration
second virial coefficient. B ~0 indicates the miscibility limit and
By > 0 indicates greater miscibility. In kinetically dispersed, immiscible
polymer-filler systems, we have introduced a pseudo-second order virial
coefficient from X-ray scattering in analogy to thermally dispersed col-
loids to quantitatively describe the dispersion of the filler aggregates in
polymer melts with temperature replaced by accumulated strain [10,11,
49], as opposed to traditional methods based on micrograph analysis
[51-53], and simulations [54].

In the present study, carbon-coated fumed silicas with varying sur-
face carbon content mixed with an SBR matrix were investigated. SBR
was chosen since it is commonly used in automobile tire treads. Carbon
coating was achieved by oxidation of hexamethyldisiloxane during
flame-synthesis as detailed by Kammler et al. [43]. Flame-modified
fumed silica with varying surface carbon content leads to a change in
elastomer and filler interaction and filler dispersion quantified through
the second virial coefficient determined from small-angle scattering.
Additionally, an assessment was made of the impact of the surface car-
bon content and silanol content on tans measured under oscillatory
shear.
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2. Experimental
2.1. Sample preparation

Four grades of pyrogenic silica varying in surface carbon content
(weight %), as shown in Fig. 3 (right), were prepared by flame synthesis
[43]. A commercial grade of fumed silica, Aerosil® 200, with no surface
carbon content and a specific surface area of 200 m?/g, was provided by
Evonik Corporation, 2 Turner Place, Piscataway, NJ 08854, USA. The
specific surface areas of the modified fumed silica fillers shown in Fig. 3
(right) were determined by (Brunauer-Emmett-Teller) BET analysis
[43] whereas the surface carbon content was ascertained through a mass
spectrometer/carbon dioxide sensor connected to a thermogravimetric
analysis (TGA) balance [55]. A schematic of the flame synthesis setup is
shown in Fig. 3 whereas some details about the production of these
modified silicas can be found in Table T1 in Appendix B in the Supple-
mentary Information.

These flame-synthesized fumed silica grades were melt compounded
with a commercially available SBR with 24 wt% vinyl (for the poly-
butadiene blocks) and 38 wt% styrene. This SBR had a Mooney viscosity
(ML 1 + 4 at 100 °C) of 80 M U. Mixing of nanofiller and polymer was
conducted in a 50 g Banbury (Brabender) mixer. SBR was loaded while
the mixing screws ran at 30 rpm at a temperature of 130 (£5) °C fol-
lowed by addition of the antioxidant, [N-(1,3-dimethylbutyl)-N'-phenyl-
1,4-phenylenediamine] or 6PPD (TCI America). Finally, the modified
silica was added to the mixer and the rotor speed set to N = 60 rpm after
closing the ram. The polymer-filler mixture was masticated for
t =20 min. following which the mixed melt was dispensed. Each grade
of fumed silica was mixed in SBR at two loading levels viz. 1 wt%
(dilute) and ~16 wt% (semi-dilute) following McGlasson et al. [11,20].
A Couette flow was considered to estimate the accumulated strain in the

2/n
Banbury mixer geometry such that y = (%)Nt following
Bousmina et al. [56]. The wall to rotor ratio, Dyw/Dg, was approximately

== Hood

Collector

Spark
plug
HV
0.74%
Diffusion
flame

HMDSO /N,

Fig. 3. (left) Schematic of the flame synthesis setup used to generate carbon/
soot coated silica particles with an exploded view of the actual flame wherein
the pristine silica is coated with carbon downstream (yellow flame emission)
Reprinted with minor changes from AIChE Journal, Vol 47, H.K. Kammler, R.
Mueller, O. Senn, S.E. Pratsinis, Synthesis of silica-carbon particles in a tur-
bulent H2-air flame aerosol reactor, Pages 1533-1543, Copyright © 2001
American Institute of Chemical Engineers (AIChE) with permission from John
Wiley and Sons [43]; (right) Flame synthesized particles with varying surface
carbon content used in this study. The surface carbon content determined via
elemental analysis is mentioned on each fumed silica vial. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Polymer 264 (2023) 125407

1.14 for the Banbury mixer used in this study, whereas the power-law
index, n, for SBR is ~1 [57]. This resulted in y ~64,300.

2.2. Elemental analysis

Elemental analysis was performed on a PerkinElmer 2400 II analyzer
(Micro Analysis Inc., 2038 Telegraph Rd, Wilmington DE 19808) to
determine the carbon content coated on the surface of flame-synthesized
pyrogenic silica. About 10 mg of the silica powders were weighed and
combusted in a ceramic crucible at 925 °C in the presence of pure oxy-
gen (99.8%). The quantity of effused carbon dioxide was measured by
thermal conductivity detectors, and the detected amount relative to the
initial sample weight was expressed as the percentage of carbon. Note
that prior to analysis, the samples were dried at 125 °C for 30 min to
remove moisture. In the present study, the surface carbon content varied
from ~0.3 to 2wt%. Commercially available fumed silica, Aerosol®
200, contains no surface carbon (0 wt%).

2.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the flame-modified silica powders were obtained on a
Nicolet 6700 FT-IR spectrometer operated in attenuated total reflection
mode (ATR) mode using a diamond crystal. For each IR spectrum, the
measured transmittance was converted to absorbance and baseline
corrected using the OMNIC software. For a quantitative estimate of the
surface silanol content, the ratio of areas under the O-H and Si-O peaks
was considered following Rishi et al. [19].

2.4. Ultra small-angle X-ray scattering (USAXS)

For small-angle scattering measurements, the melt-mixed nano-
composites were pressed into standard flat face metal washers so that a
thickness of 1.2 mm was maintained. These washers were clamped and
subsequently baked in an oven at 100 °C for 10 min. USAXS measure-
ments were performed at the beamline 9-ID-C at the Advanced Photon
Source (APS), Argonne National Laboratory. This instrument is operated
by Jan Ilavsky [58]. USAXS data was recorded over four decades in size,
0.0001 A™! < g <1 A™! so that the multi-hierarchical structure can be
resolved. USAXS measurements were made at three distinct positions on
the sample, and the average values for the fit and derived parameters are
reported. The scattered intensity from the different nanocomposites was
reduced, the scattered intensity from the polymer subtracted and sub-
sequently desmeared to account for slit smearing effects through the
Irena package of 9-ID-C at APS using Igor Pro® [59]. The contrast be-
tween the silica particles and the polymer, <Ap>2, was computed via
the scattering contrast calculator available in the Irena package of
9-ID-C at APS using Igor Pro® [59].

2.5. Dynamic rheology under oscillatory shear

The dynamic viscoelastic response of the nanocomposites was
measured on a Discovery HR-2 rheometer by T.A. Instruments with
parallel plate geometry. 3mm thick sample disks (20 mm diameter)
pressed between heated platens at 125 °C for 3 min were subjected to
isothermal oscillatory shear at a fixed strain amplitude of 0.1% over four
decades in frequency. Dynamic frequency sweeps at 25°C, 75°C and
125 °C using a standard steel Peltier plate for thermal control were used
to construct master curves at Tyef = 25 °C. The experimental shift factors
were then used to determine the constants in the William-Landel-Ferry
(WLF) equation. Herein we assume that the time-temperature super-
position is valid. Alternatively, temperature sweeps at specific fre-
quencies can also be measured.
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3. Results
3.1. Surface carbon and silanol content on silica nanoparticles

Table 1 shows the weight percent carbon determined from elemental
analysis of the modified fumed silica powders. This weight percent was
normalized by the surface area to mass ratio to determine the weight of
carbon deposition on the surface per nm2. Normalizing by the (S/Vp)~!
accounts for variations in the particle size, dp, from USAXS analysis
where p is the density of particulate silica, 2.2 g/cm®. The S/V ratio can
be directly computed from the Unified Fit results as described later. A
higher surface carbon content (g/nm?) indicates more hydrophobicity
and less polar filler surfaces. The number of surface carbon monolayers,
tabulated in Table 1, indicate the extent of carbon on the silica surface.
The number of carbon atoms/A? is computed by normalizing the surface
carbon content in g/nm? with the molar mass of carbon.

In the flame, silica forms first then carbon nucleates on its surface,
Fig. 4(a). Fig. 4(b) contrasts the wt% surface carbon from elemental
analysis with the TGA measurements. The estimates from elemental
analysis were consistently higher than the TGA estimates (refer Table T'1
in Appendix B in the Supplementary Information), although the trend in
both measurements was consistent. It is possible that the TGA mea-
surement is lower because some carbon may be pyrolyzed at a higher
temperature and over a broad temperature range where it is not easily
measured. For this reason, the elemental analysis values are more
accurate.

3.2. Hierarchical structure of silica nanoparticles mixed in SBR

Fig. 5 shows a log-log plot of the reduced scattered intensity, Ip(q)/
¢o, versus the scattering vector, q, for the dilute (¢ ~ 0.0043) modified
fumed silica in SBR with a surface carbon content of 0.74 wt%. The
Io(@)/¢o vs. q plots for all other dilute flame-synthesized fumed silica
nanocomposites are shown in Appendix B in the Supplementary Infor-
mation, Figs. S2-S5. In Fig. 5 and Figs. S2-S5, several structural levels
can be distinguished, each with a distinct Guinier knee and a corre-
sponding power-law regime. Since the abscissa represents the reciprocal
space, large q or the region to the right of the plot is associated with the
smallest structures. Details of these hierarchical multi-level structures
can be ascertained through the Unified Fit [44,45] (solid line in the
figures). In Fig. 5, the fit region is depicted by vertical lines on the plot in
the range 0.0006 A™! < ¢ <0.04 A71, the Unified curve is extended
beyond the fit range for clarity. For q < 0.0006 A1, a power-law slope
between —3 and —4 is associated with surface scattering from agglom-
erates (level 3). Note that this region was not included in the fit. For
0.0006 A~! < g < 0.04 A~1, two distinct power-law slopes are observed.

Table 1
Surface carbon content, Nc, surface silanol content, Noy, and the number of
carbon monolayers on the surface of the flame-modified silica nanoparticles.

Surface Carbon Carbon # of Carbon Silanol
carbon® content” (x content, N¢ monolayers (per content,
(Wt%) 102 g/nm?) (#/nm?) A% Non®
(#/nm?)
0o’ 0 0 0 2.80°
0.37 2.2 111 1 3.73
0.74 4.4 218 2 3.35
0.86 6.2 310 3 4.66
2.03 22.6 1136 11 3.17

# From elemental analysis.

b Surface carbon in wt% normalized by S/Vp computed from the scattering
results.

¢ From FTIR peak area ratio in Fig. S1 in Appendix A in the Supplementary
Information.

4 Commercial fumed silica Aerosil® 200.

¢ From Mueller et al. [55].
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Fig. 4. (a) A cartoon of the modified fumed silica surface depicting the surface
silanols and the coated carbon/graphitic monolayers. (b) Percentage of surface
carbon content from elemental analysis compared with the carbon content from
TGA measurements (listed in Table T1 in Appendix A in the Supplementary
Information) for the modified fumed silica powders.
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Fig. 5. Log-log plot of the reduced scattered intensity, Io(q)/¢o, vs. q (scattering
vector) for the flame-synthesized silica nanofiller coated with 0.74 wt% of
carbon in the SBR polymer matrix at a dilute concentration, ¢y~ 0.0043. The
inset shows a simulated aggregate structure [60] whose topology agrees with
the aggregate topological parameters based on the Unified Fit [44,45], eq. (1).
The reduced scattered intensity, Io(q)/¢o, vs. q plots for the remaining silicas
coated with O wt% (Aerosil 200), 0.37 wt%, 0.86 wt% and 2.03 wt% carbon
shown in Figs. S2, S3, S4, and S5, respectively in Appendix B in the Supple-
mentary Information.

The slope of —4, at highest-q, indicates that the smallest structures
(primary particles/level 1) are smooth, three-dimensional objects
whereas, the slope of about —2.2 at lower g indicates that the filler ag-
gregates (level 2) are mass-fractals with mass-fractal dimension,
df= 2.2. Between the power-law slopes for each level, distinct Guinier
knee regions yield the radius of gyration, contrast, and composition of
each structural level (Rg; and Ry o).

The fit parameters are tabulated in Table T2 in Appendix B in the
Supplementary Information. These fit parameters were used to charac-
terize the filler aggregate topology, the primary particle size (d,,), and
the number of primary particles per aggregate (z), as shown in Table 2
[44-46]. The weight average number of primary particles within an
aggregate, z = (Go/G1) + 1, was determine from the Guinier pre-factors
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Table 2
Primary particle and aggregate topological parameters computed from the Unified fits to the dilute scattering curves for various carbon-coated fumed silicas in the SBR
matrix.
Surface carbon content (wt%) Primary particles Aggregates
d, (nm) PDI z Reted (nm) dg dmin c Por
0 11 (£0.5) 9 (£1) 560 (£+80) 150 (+10) 2.5 (+0.03) 2.1 (+0.1) 1.2 (£0.06) 0.56 (+0.02)
0.37 16.4 (+0.1) 9 (+0.4) 310 (+30) 193 (£9) 2.3 (£0.01) 1.6 (£0.04) 1.5 (£0.03) 0.85 (+0.01)
0.74 16 (£1) 11 (£0.3) 280 (+50) 210 (£10) 2.2 (4£0.02) 1.3 (£0.02) 1.7 (£0.04) 0.90 (+0.02)
0.86 20 (+£1) 12 (+0.5) 190 (+£20) 240 (+20) 2.1 (£0.03) 1.2 (+£0.03) 1.8 (+£0.03) 0.90 (+0.01)
2.03 30 (£2) 10 (1) 120 (£3) 360 (£50) 1.9 (£0.06) 1.1 (£0.08) 1.8 (£0.07) 0.88 (+0.01)

for the two structural levels. Reteq=dp @Y df, is the aggregate
end-to-end distance where df=-P> (mass-fractal dimension of the
aggregate). The polydispersity in primary particle size was obtained
from PDI = (G1R4,1)/(1.62b1) [48,61-63]. Other parameters that
describe the aggregate topology were also derived from the Unified re-
sults and are listed in Table 2 as dpjn, ¢ and ¢p, which represent the
dimension of an average short-circuit path (convolution), the aggregate
connectivity dimension (topology) and the average branch fraction per
aggregate, respectively [60]. The degree of aggregation, z, was used as
an input parameter for a simulation code from Mulderig et al. [60], to
generate an aggregate structure that matches the Unified fit parameters
from USAXS shown in Fig. 5 (inset) using the Irena software from 9-ID-C
APS [59]. The aggregate structure is highly branched as indicated by the
large ¢p; and c approaching drin Table 2. Aggregate structures generated
through this method have been demonstrated to qualitatively agree with
TEM micrographs in our previous works [19,28,60].

Fig. 6(a) compares the specific surface area obtained from scattering
to BET gas adsorption (refer Table T1 in Appendix A in the Supple-
mentary Information). A larger specific surface area from scattering is
expected since scattering measures both open and closed pores in the
nanofillers while gas adsorption is limited to open pores only. Fig. 6(b)
compares the degree of aggregation of primary particles with the Sauter
mean diameter of the primary particles determined from scattering. It is
observed that the degree of aggregation increases with z=K"{(1/dp) -
(1/dp,max)}. The Sauter mean diameter, d,, is the equivalent spherical
size obtained from the S/V ratio, d, = 6V/S. The observed behavior in-
dicates that the degree of aggregation is proportional to the surface to
volume ratio of the nanoparticles and that there is a maximum size
beyond which aggregation does not occur, d, max ~43 nm. For example,
carbon black conforming to ASTM N330 grade with a d, ~42nm
showed an exceptionally low degree of aggregation of ~7 primary
particles [10]. The slope K” = 8 (+1) pm indicating that there is a strong
and predictable dependence of z on dj,. The most important parameters
in determining the primary particle size are flame temperature and
particle residence time. Thus, one would expect K” to be a function of
both flame temperature as well as the particle residence time [43]. Since
dp, and z in Fig. 6(b) were estimated after mixing the fumed silica
powders, K” could additionally depend on the total accumulated strain

during the high shear mixing process.

3.3. Structural emergence with varying surface carbon content on silica

Fig. 7(a) and (b) show the reduced scattering intensity, I(q)/¢, as a
function of the reciprocal lattice vector, g, under semi-dilute filler con-
centration for the fumed silica nanofillers with 0 wt% and 2.74 wt%
surface carbon, respectively. Similar plots for the 0.37 wt%, 0.74 wt%,
and 0.86 wt% are shown in Figs. S6, S7, and S8, respectively in
Appendix B in the Supplementary Information. The dilute reduced
scattering intensity plots, Io(q)/¢o vs. q are shown along with the
structure factor, S(q), which is the ratio of the reduced scattering in-
tensities under semi-dilute and dilute loading levels, S(q) =I(q)¢o/
Io(q)¢. The S(q) values can be read from the right ordinate on all the
plots. The overlap concentration for fractal silica aggregates, in analogy
to polymer solutions, is the point where local percolation on the nano-
scale commences. Nanofiller concentrations above overlap, are termed
semi-dilute. In Fig. 7(a) and (b), both Ip(q)/¢o and I(q)/¢ overlay in the
high-q region, thereby affirming that the primary particle structure re-
mains unchanged under semi-dilute concentrations. Consequently, in
this region S(q) =1. However, in the aggregate region at lower-q, a
distinct broad peak appears followed by a drop in S(g) in Fig. 7(a) and
Figs. S6-S8 for the lower surface carbon contents. The appearance of
peaks in this g range indicates the emergence of correlated aggregates
due to silanol interactions. S(q) in Fig. 7(a) and S6-S8 were fit using eq.
(3). On the contrary, in Fig. 7(b) this correlation peak disappears
completely indicating that specific surface interactions due to the silanol
groups do not lead to aggregate correlations when the carbon coating on
the silica surface increases or the number of carbon monolayers in-
crease. S(q) in Fig. 7(b) was fit using the mean-field model in eq. (2). The
mean-field model involves a random distribution of overlapping ag-
gregates. Thus, the locally percolated emergent structure changes from
correlated aggregates to a randomly distributed aggregate network with
increasing surface carbon content at similar nano-silica loading levels (¢
~0.09) for all nanocomposite systems studied here.

At low-q, below 0.001 A1, in Fig. 7(a) and S6-S8, a steep slope is
seen in the semi-dilute I(q)/¢ curves in the presence of correlations at
low carbon content which is associated with agglomerates of aggregates.

Fig. 6. (a) A comparison of the specific surface area

1/dp,max)

of the flame-synthesized carbon-coated silica nano-

& fillers from USAXS and BET gas adsorption. Note that
the BET specific surface area for the commercial
fumed silica grade was obtained as the average value
. of the range specified in the product specifications
[64], whereas the values for the synthesized
carbon-coated silica are listed in Table T1 in
Appendix A in the Supplementary Information. The
specific surface area from USAXS is larger since the
= X-rays can measure both open and closed pores. (b) A
plot showing the dependence of the degree of aggre-
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For large carbon content in Fig. 7(b) with no aggregate correlations this
steep slope is below —3 indicating the formation of an emergent filler
network whose mass-fractal dimension is the negative of the steep slope
in the log-log plot. The emergence of agglomerates is not accounted for
in either eq. (2) or eq. (3) so the fit underestimates the measured S(q) in
this region in all cases except for Fig. 7(a) where the dilute sample shows
stronger aggregation compared to the semi-dilute sample leading to an
overestimation of eq. (3) compared to the measured S(q) in the low-q
region for this sample, however, eq. (3) agrees well even in this low-q
region indicating that there is a low-degree of aggregation and filler
network formation in the absence of carbon coating.

It has been previously shown that the transition from random, mean-
field interactions to correlated specific interactions occurs at a critical
ordering concentration (COC) above ¢* ~0.05 for silica nanofillers with
predominantly hydrophilic surface groups [19]. This COC depends on
the dielectric constant of the polymer matrix [19]. In the present study,
¢* ~0.09 for all silica grades and one might expect that at higher
loadings the silica nanoaggregates would correlate. However, an in-
crease in the surface carbon content in these nanofillers at the same
silica loading can disrupt this ordering phenomenon. The emergence of
these starkly different interaction types can be reconciled by considering
the number of carbon monolayers in Table 1. The thickness of a gra-
phene monolayer is approximately 3.4 A to 3.6 A [65]. In contrast, the
atomic radii of O, H and Si are 0.5 /DX, 0.25Aand 1.1A respectively, the
Si-O bond length is ~1.56 A [66] and the O-H bond length is 0.96 A [671.
This would result in an overall thickness of ~4.4 A for a surface normal
silanol. Considering that the silanols are statistically distributed over the
silica surface and that the slight negative charge of surface silanols acts
over some distance between silica aggregates, one would expect about
2-3 monolayers of carbon on the surface to be able to shield the silanol
charge. This conjecture is supported by the observed structural emer-
gence in Fig. 7 and S6-S8, where correlations are absent in Fig. 7(b)
when the number of carbon monolayers is calculated to be 11, versus 3
monolayers for Figs. S8 and 2 for Fig. S7 which show weak correlations.

Table 3

qA™

gate region at intermediate ¢ in the S(g) plots
indicates that the nano-aggregates overlap and are
randomly distributed.

3.4. Assessment of nanofiller dispersion with varying surface carbon
content

Table 3 lists the S(q) fit parameters for the silica nanofillers mixed in
the SBR matrix. Aggregates with more carbon monolayers can diminish
the silanol charge repulsion. For fillers that have a lower number of
carbon monolayers, specific interactions due to silanol charge repulsion
dominate. The resulting correlated peak is characterized by an aggregate
packing factor (p), the average mesh size, <¢>, and the geometric de-
viation in the mesh size, o. p is expected to lie between 0 and 5.92 for
hard spheres (8 x 0.74 for closest packed spheres) [46]. Mass-fractal
aggregates can pack more closely due to asymmetry and interpenetra-
tion leading to larger values of p [20]. The peak position from the
structure factor fits in Fig. 7(a) and S6-S8 at the specified semi-dilute
filler concentration is related to the correlation distance/mesh size,
<¢&>, averaged over all domains of varying accumulated strain as dis-
cussed in Refs. [19,20]. Note that no distinct domains are needed in the
mean-field approach in 7(b) since all binary interactions are averaged.

Reference [11] introduced the use of an analogy between the accu-
mulated strain, y, in kinetically mixed systems and the temperature, kg,
in thermally dispersed systems. For thermally dispersed systems the van
der Waals (vdW) equation can be used to express By(T) in terms of the
excluded volume, b, and the enthalpic interaction, a, Bo(T) =b — a/kgT.
For kinetically mixed systems, Ba = b* — a*/y. The excluded volume, b*,
can be calculated from the dilute scattering curve. For polymer nano-
composites, a* = y (b* — Bg). Dispersion in melt compounded polymer
nanocomposites is governed by the accumulated strain as opposed to
temperature. The accumulated strain is governed by the shear rate,
mixing duration and the mixer geometry [11]. b* is the excluded volume
per aggregate, determined from the computed values of d, and z in
Table 2 such that, b* = 4zn (dg,app/G) per aggregate [10,19]. For carbon
black nanofillers, the ratio of the excluded volume to the hard-sphere
excluded volume, VEHXS =4zn (dg/6), was ~2 [10], whereas, this ratio
increased to ~5 [11] for carbon-coated silica. Here, the apparent

Fit parameters for semi-dilute (¢ ~0.09) nanocomposite fillers in SBR. a* is the attractive enthalpy from the van der Waals analysis.

Surface carbon content (wt%) & p o

£ or <£> (nm)

v(x107%m)* By (x 107! em®/agg.) a* (x 1071% em®/agg)

Specific interactions

0 0.086 (40.005) 6.8 (£0.2) 0.35 (+£0.02)
0.37 0.09 (+0.02) 4.3 (+0.6) 0.53 (+0.05)
0.74 0.088 (+0.003) 4.7 (£0.6) 0.69 (£0.03)
0.86 0.078 (+0.001) 5.1 (+£0.7) 0.47 (+0.02)
Mean-field interactions

2.03 0.085 (£0.005) - -

133 (£1) 3.4 (£1) 3.0 (+£0.3) 1.8 (+0.6)
210 (£13) 1.4 (£0.5) 3.5 (1) 4 (£1)
350 (+£30) 2.6 (+£0.9) 4 (+2) 2.4 (£2)
210 (+4) 2.4 (+£0.4) 6 (£2) 2.5 (+2)
700 (+£20) 0.8 (+0.03) 12 (45) 7.7 (£3)

* The screening parameter, v, for the mean-field model was determined by fitting S(q) to eq. (2) whereas, v for the specific interaction model was computed by fitting S

(g) to eq. (3) to obtain p and then using v =p/(¢p > 1Gio /o)
** The pseudo-second virial coefficient, By, was determined using eq. (4).
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particle diameter, dpapp ~1.5d, was used to account for the bound
rubber layer [10]. Recent small-angle neutron scattering studies on
fumed and precipitated silica with primary particle size ranging from
14 nm to 20 nm have shown that the statistical bound layer thickness
ranges from 6.5 nm to 10.3 nm [68].

Fig. 8 shows the interaction potential a*, listed in Table 3, as a
function of the surface density of carbon, N¢ (# per nm?) and silanols
Nou (# per nm?), listed in Table 1, using a linear scaling law, a* = A’ +
K’cN¢ + K’ouNop. a* is an attractive potential between aggregates that
drives clustering like the vdW ‘a’ for real gases. A negative value in-
dicates an effective repulsion between aggregates. Here, A’ has a large
positive value indicating that in the absence of hydroxyls and carbon the
particles are attractive. K'¢ and K’oy reflect the relative impact of the
surface carbons and silanols. Koy is negative indicating that the addi-
tion of silanols increase the repulsion between aggregates due to
Coulombic interactions compared to bare silica. K'¢ is positive indi-
cating that the addition of surface carbon increases the attraction be-
tween aggregates compared to bare silica. It should be noted that
independent account of the impact of the coupling of carbon coating on
silanol groups (the cross correlation) has not been made so this impact is
included in K’¢. There are one to two orders more carbon than silanols,
Table 1, and K’¢ is about two orders smaller than K’oy which indicates
that the impact of carbon and silanol with the experimental surface
number densities is approximately equivalent though opposite in terms
of attraction and repulsion between the aggregates. At a* = A’, the two
opposing effects of surface hydroxyls and surface carbon is nullified. For
this condition, K’cN¢ + K’ouNoy = 0 such that N¢/Noy ~70 based on
the fit results shown in Fig. 8. For surface hydroxyl density (Non)
ranging between ~3 and ~5 in this study (refer Table 1), one would
expect N¢ to range between 200 and 350, respectively which is about
2-3 monolayers. This is consistent with the estimated monolayers that
would shield the silanol charge in the previous section.
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Fig. 8. Plot of the particle interaction parameter, a*, expressed in cm®/aggre-
gate as a function of the linear sum of the surface carbon content (N¢) and
surface hydroxyl content (Noy) weighted differently. N¢ and Noy are reported
in Table 1 a* is an attractive potential so negative values indicate relative
repulsion between aggregates that increases with surface carbon content. That
is, surface carbon enhances aggregate/polymer attraction relative to aggregate/
aggregate attraction. The fit parameters, A’, K'c, and K'oy were obtained
through least squares minimization.
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3.5. Dynamic response of silica in SBR with varying surface carbon
content

The dynamic response of surface-modified silica nanofillers in the
SBR matrix was examined using small strain amplitude oscillatory
rheology at Tyer=25°C. The storage modulus (G') master curves for
nanocomposites containing 0 wt%, 0.37 wt%, 0.74 wt%, 0.86 wt% and
2.03 wt% surface carbon silica at semi-dilute silica concentration (¢
~0.09) in Figs. S10-S14 were compared to the neat SBR (Gy") master
curve (Fig. S9) scaled by the hydrodynamic reinforcement factor in
Appendix C in the Supplementary Information. The hydrodynamic
reinforcement factor was determined from Medalia’s modification to the
Einstein-Guth model for moduli enhancement due to addition of parti-
cles [69-73). Hepi=G/Go’ = 1 + 2.5¢e + 14.1¢%;, where the
quadratic term accounts for the fractal nature of the aggregate, and the
effective volume fraction, ¢ef;, accounts for the apparent increase in
volume fraction due to rubber occlusion. In Figs. S10-S14 in Appendix C
in the Supplementary Information, the high frequency region where G’
and HghireGo' overlap was fit using a power law, while the low frequency
region for G’ was fit to another power-law following Rishi et al. [28]. The
intersection of the two power laws at w* = 1/7* is related to the mesh
size, &, determined from scattering, Table 3, through the static aggregate
connectivity dimension or the spectral dimension, c, listed in Table 2 as
shown in Fig. S15 in Appendix C in the Supplementary Information.
Fig. 16 in Appendix C in the Supplementary Information compares the
complex viscosity, #*, for the nanocomposites containing 0 wt%, 0.37 wt
%, 0.74 wt%, 0.86 wt% and 2.03 wt% surface carbon silica at
semi-dilute silica concentration (¢ ~0.09) with that of the neat SBR at a
reference temperature of 25 °C. Over the extended frequency, #* of the
samples with higher surface carbon content are closer to the neat SBR
while n* in the absence of surface carbon is the highest. This trend
supports the observed filler dispersion (B2) which increases with
increasing surface carbon as shown in Table 3. A lower viscosity due to
increased polymer-filler compatibility would positively impact disper-
sion since aggregate transport is difficult in more viscous media. To
achieve better-wet grip and rolling resistance, tire compounders use
both carbon black that increases wet grip, and silica that lowers the
rolling resistance [74,75]. A lower rolling resistance is characterized by
a reduced tan$ or an increased storage modulus at 60°C and 1Hz
whereas, better-wet grip is achieved by larger tans values or an increase
in the energy loss at 0°C and 1 Hz. Instead of 1 Hz, we use the tané at
Tref = 25 °C associated with the emergent filler structure at w* to obtain
tané at 0°C and 60 °C as shown in Fig. S17 in Appendix C in the Sup-
plementary Information. We assume that the tans at these two tem-
peratures is influenced by the surface composition of the silica in a linear
manner, tand = A + KcN¢ + KouNop, Fig. 9. The base value of tané in the
absence of these surface groups is A which is modified by a linear sum of
the carbon, K¢, and hydroxyl, Koy groups weighted differently. The
positive sign to the weighting factor, K¢ indicates that carbon enhances
tané while a negative sign for Koy indicates that hydroxyls deplete tané.

tans for rolling resistance has about 8 times the dependence on N¢ as
tans for wet grip. Similarly, tané for rolling resistance is about 8 times
the dependence for Noy compared to wet grip. With the concept of
increasing tané for wet grip while reducing tané for rolling resistance we
can sum the two equations under the assumption that a drop in tané for
rolling resistance and a drop for wet grip can be considered equivalent in
value, then one should seek to increase Noy and drop Nc, the two
cancelling each other’s effect at about Ng/Nog = 500. For the samples
studied here the closest to this ratio is for the highest carbon content
where highest carbon content No/Noy = 358.

4. Conclusion
The effects of surface carbon content on flame-modified pyrogenic

silica fillers on dispersion, particle interactions and rheological proper-
ties in styrene butadiene rubber was studied. Structural characterization
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Fig. 9. tané for rolling resistance and wet grip as a function of the surface
content of the hydroxyl groups (Nop) and carbon coating (N¢) weighted
differently. The fit parameters, A, K¢, and Koy were obtained through least
squares minimization.

revealed that these silica filler aggregates were mass fractals, such that
their degree of aggregation, z, was inversely related to the primary
particle size, dp,. X-ray scattering results for untreated silica and silica
with low surface carbon contents showed a characteristic peak indica-
tive of structural correlations in the emergent meso-scale structures.
This emergence was attributed to the specific interactions due to the
surface silanol groups. For the fillers that contain a greater carbon sur-
face coverage, typically more than 2-3 monolayers, this charge repul-
sion is shielded resulting a random dispersion of filler aggregates. The
extent of dispersion in this case was assessed through a mean-field
interaction model. This transition from specific to mean-field in-
teractions with varying surface carbon content on silica indicates that
the emergent network structures can be tuned as demonstrated by the
estimation of the binary interaction potential, a* based on a modified
van der Waals approach. a* is related to the surface carbon (N¢) and
surface hydroxyl (Noy) densities such that a* increases as N¢ increases
and decreases with Noy, indicating that filler dispersion can be tuned by
varying the surface carbon content. The rolling resistance and wet grip
associated with the emergent structures in the nanocomposites were
found to depend on the surface densities of both carbon (N¢) and hy-
droxyls (Non) as well. It is concluded that to maximize wet grip and
minimize rolling resistance, surface modified pyrogenic silica fillers
with optimal surface carbon content can be mixed in styrene butadiene
rubber.
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