
Polycarbosilane-Grafted Nanoparticles: Free-Flowing Hairy
Nanoparticle Liquids That Convert to Ceramic
Kara L. Martin, Dayton P. Street, and Matthew B. Dickerson*

Cite This: Chem. Mater. 2020, 32, 3990−4001 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Here, we report a new class of hybrid nanoparticles (NPs) that
are self-supporting and display viscous flow behavior in the absence of solvent,
yet convert to a purely inorganic material on heating. Hairy nanoparticles
(HNPs) composed of silica nanoparticle cores (10−20 nm diameter) and
preceramic poly(1,1-dimethylpropylsilane) (l-PCS) brushes were synthesized
via a grafting-from approach utilizing hydrosilylation chemistry. The l-PCS
polymer brush was grown from the nanoparticle core by anchoring the Pt(0)
Karstedt’s catalyst to Si−H groups functionalized on the silica surface. The
resulting l-PCS-based HNPs were easily dispersed in a variety of organic
solvents, displaying Newtonian rheological behavior at low weight percent
solvent loadings, while neat HNPs displayed relatively low viscosities. The
Krieger−Dougherty equation was used to evaluate viscosity trends as related to corona size, with the corona size being determined
through dynamic light scattering. Thermally cured HNPs were successfully converted to SiO2/SiC nanocomposites, as evidenced by
X-ray diffraction and attenuated total reflection (ATR)-Fourier transform infrared (FTIR). These unique preceramic HNPs hold
considerable promise as a route to high-temperature materials, offering enhanced processability and compositional tailorability
compared to neat resins.

■ INTRODUCTION
For nearly 50 years, preceramic polymers have been developed
and used for fabricating high-performance, nonoxide ceramics
in both academic and industrial settings.1 Preceramic polymers
have proven to be advantageous for ceramic formulation over
the more common powder methods due to ease of processing,
tailorable chemistry, and microstructural control.2−9 Indeed,
these macromolecules provide a diverse array of structures rich
in atoms such as Si, C, O, B, and N that can yield metastable,
solid-state compositions that are impossible to obtain via
powder processing (e.g., SiNC).10−13 A variety of straightfor-
ward and robust synthetic pathways have been defined for
preparing preceramic polymers, including Pt(0)-catalyzed
hydrosilylations,14,15 Grignard couplings,16 and anionic or
Pt(0)-catalyzed ring-opening polymerizations.17−19 Synthetic
design of the polymer side chains and overall backbone
structure (linear, hyperbranched, block-copolymer) aids in the
control of the rheological, thermal, and processing properties
of the polymer.2,5,20,21 Additionally, the incorporation of cross-
linkable moieties into the preceramic molecular architecture is
important as the effective curing of these precursors has been
noted to increase mass yields in the polymer-to-ceramic
conversion process.2,5,20,21 Preceramic polymers can be
processed with common polymer fabrication methods,
including coating, additive manufacturing, and infiltration.22−25

Subsequent to forming methods, the preceramic polymer is
cured at ∼100−400 °C and then pyrolyzed at temperatures
>600 °C.26 Additional heat treatments >1000 °C can be

utilized to crystallize the polymer-derived ceramic and yield
materials with composition and properties determined by the
initial preceramic polymer.26

Though they present many advantages, including the
spinning of advanced SiC fibers,27,28 preceramic polymers are
not without drawbacks. For example, the thermal conversion of
the polymer to a ceramic typically results in significant weight
loss and volume shrinkage due to the gaseous release of
organic components of the polymer. This release of organic
gases such as ethane, methane, and carbon monoxide from the
bulk piece leads to porosity that can make materials susceptible
to cracking.29 Densification of the polymer chains through
chemical cross-linking is one method of improving the ceramic
yield and limiting volume shrinkage by reducing organic
volatilization from the polymer chains.30,31 The shrinking and
cracking of the preceramic polymer as it converts to inorganic
have important consequences in the fabrication of ceramic
composites. Preceramic polymers are utilized to form the
matrix of ceramic composites through a processing method
known as polymer infiltration and pyrolysis (PIP). The PIP
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process involves flowing low-viscosity preceramic polymer into
porous ceramic pieces (e.g., laid-up fiber preforms), where it is
cured and pyrolyzed to yield ceramic. The shrinking of the
preceramic polymer requires many cycles of infiltration (up to
10) to reduce the porosity of the original piece and yield dense
parts.32 As each PIP cycle consumes raw materials and requires
labor, preceramic polymer deficiencies can increase the cost of
composite manufacture considerably.
One method to mitigate shrinkage and cracking associated

with the conversion of polymers to ceramics is to physically
mix ceramic powders into the preceramic polymer before
pyrolysis (i.e., this reduces the amount of polymer and thus the
amount of shrinkage). Including ceramic powders that are
chemically distinct from the preceramic polymer also aids in
diversifying the final ceramic composite and can improve
properties such as flexural strength and toughness.33−35

Further, the use of reactive powders or “active fillers” that
adsorb and react with the organic gases released during
pyrolysis can also be used to offset preceramic polymer
shrinkage.36,37 However, ceramic powders are typically hydro-
philic and therefore may suffer chemically compatibility issues
with hydrophobic preceramic polymers. The poor entropy of
mixing between ceramic powders and preceramic polymers
results in these powder−polymer slurries having significantly
higher viscosities and more solid-like characteristics than the
neat resins. Such rheological behavior represents a significant
deviation from the Newtonian behavior exhibited by most neat
macromolecular ceramic precursors.38−40 The increased
viscosity is due to particle flocculation within the composite,
which disrupts the flow field of the neat polymer.41

Composites processed from poorly dispersed powders/
preceramic polymer slurries can yield inhomogeneous and
irreproducible microstructures.42 In one example, a ZrB2−
polycarbosilane slurry with poorly dispersed particles was used
to fabricate carbon fiber/ceramic composites.43 The resulting
ceramic had carbon fiber coated with either SiC from the
carbosilane or ZrB2. This resulted in two distinct phases with
the more SiC-rich interface oxidizing readily to SiO2, which
thereby reduced the resistance of the composite to erosion and
oxidation, relative to fiber tows infiltrated with ZrB2 uniformly
dispersed in water.
A method to improve the chemical compatibility of

inorganic nano- or microparticles with the surrounding
polymer or organic solvent matrix is the chemical modification
of particle surfaces with polymers or ligands.44 Attaching
polymers or ligands to a particle surface can be accomplished
by several different grafting polymerizations (e.g., grafting-to,
grafting-from, or grafting-through methods).45 Grafting chem-
istries are diverse and can accommodate a wide variety of
systems and conditions, making this technique an effective and
accessible method for coating particle surfaces. Grafting
methods are well developed for a variety of canonical polymers
(e.g., polystyrene and poly(methyl methacrylate)) on a range
of inorganic and organic nano- and microparticles.46−51

Additionally, it is well understood how grafting density,
polymer chain length, and particle morphology affect the
overall rheological, dispersion, and mechanical properties of
the grafted systems.52,53 In the following work, graft-from
polymerization was selected due to the ability to achieve the
high grafting densities necessary to effectively disperse
functionalized nanoparticles (NPs).
Grafting to improve particle stability in preceramic polymer

matrices is an underdeveloped field. There are a range of

papers detailing the grafting of poly(dimethylsiloxane) to
particles for applications in high-performance elastomers, but
conversion to ceramics is not explored.54,55 To our knowledge,
only five papers exist describing the grafting of preceramic
polycarbosilanes to particle surfaces,18,19,56−58 with only two
reporting conversion of the particles to ceramics.19,56 Addi-
tionally, polycarbosilane grafting typically takes place on
microparticles, with the smallest particles studied being 20−
40 nm gold particles.57 Establishing robust grafting routes for
formulating dispersible preceramic-grafted particles and
expanding on the characterization of such materials will
elucidate novel ceramic materials with tailorable compositions
and enhanced processing characteristics.
This report details the synthesis of poly(1,1-dimethylpro-

pylsilane) (l-PCS)-grafted hairy nanoparticles (HNPs), the
characterization of these particles, and their conversion to SiC/
SiO2 composites. Silica nanoparticles with diameters of ∼10−
20 nm were used, and the polymer corona was covalently
grown from the surface of the silica nanoparticles through
hydrosilylation chemistry. Attenuated total reflection (ATR)-
Fourier transform infrared (FTIR), 1H NMR, dynamic light
scattering (DLS), viscosity profiling, thermal gravimetric
analysis (TGA), differential scanning calorimetry (DSC), and
electron microscopy were used to characterize the HNPs, as
well as highlight the favorable dispersibility and rheological
properties of this new class of preceramic HNPs. X-ray
diffraction (XRD) was used to show the successful conversion
of the l-PCS corona to SiC upon pyrolysis. The facile
chemistry reported here represents a straightforward pathway
to free-flowing preceramic polymer-based hybrid liquids
featuring relatively high loadings of inorganic nanoparticles
that can be heat-treated to yield inorganic composites.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Silica nanoparticles (10−20 nm in

diameter, particles were not perfectly spherical) dispersed in toluene
at 45 wt % were received from Nissan Chemical. Allyldimethylsilane
was received from Gelest, Inc. and used without purification.
Karstedt’s catalyst, septa-sealed dichloromethylsilane, and septa-sealed
toluene were received from Sigma-Aldrich and used without
purification.

Functionalization of Silica Nanoparticles. Silica nanoparticles
(Nissan Chemical) were stored and used in an argon glovebox to
prevent the absorption of water. The silica was functionalized with
silane moieties through the reaction of a small molecule silane,
dichloromethylsilane, with the Si−OH functionalities on the silica
surface. The silica was initially kept dry so that adventitious water did
not react with the dichloromethylsilane before it could react with the
silica surface. A weight ratio of 1:0.25 grams of silica to grams of
dichloromethylsilane was used in this reaction. Silica dispersed in
toluene was added to a round-bottom flask with an oval stir bar and
rubber septa in the glovebox. The flask was placed in an oil bath at 70
°C outside of the glovebox with a nitrogen inlet. Dichloromethylsilane
was added dropwise to the silica suspension while stirring. As the
reaction proceeded, the solution turned light yellow with substantial
bubbling. The reaction was stirred overnight. Centrifuging the silica
out of toluene caused significant aggregation, making the particles
difficult to redisperse in toluene. To circumvent this irreversible
aggregation, the silanized silica was left in toluene and distilled under
vacuum at 50 °C for 1 h to remove any unreacted small molecular
silane, while leaving behind toluene. The silica, still dispersed in
toluene, was then poured into a flask containing dry sodium
bicarbonate and agitated by hand (washed over the Na2CO3) to
neutralize the HCl produced as a byproduct of the silanization
reaction. The action of washing the dispersion over sodium
bicarbonate is reminiscent of washing an organic fraction over
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magnesium sulfate to remove water. The dispersion was washed over
sodium bicarbonate several times and tested with pH paper to
monitor neutralization. The final product looked similar to the
original opalescent silica/toluene dispersion with a very slight yellow
color.
Hydrosilylation Grafting Reaction. The weight ratios by a gram

of reactants used in this grafting technique were 1:0.55:3 silica to
Pt(0) to allyldimethylsilane. Silane-functionalized silica (SiH-silica)
dispersed in toluene was diluted to 3 wt % with (additional) toluene
in a round-bottom flask equipped with a stir bar and rubber septum.

This dispersion was degassed with argon for 20 min. The dispersion
was stirred at 70 °C under nitrogen or argon, and the Pt(0) Karstedt’s
catalyst was added dropwise. The Pt(0) catalyst was allowed to
anchor into the silane moieties on the silica surface through oxidative
addition over the course of 5−10 min. This changed the color of the
solution from translucent to a slight yellow color, due to the oxidation
of the catalyst. Leaving the catalyst to anchor for too long resulted in
gelling of the reaction medium. Allyldimethylsilane was then added
dropwise to the reaction flask at 70 °C, and the polymerization
proceeded for 24−72 h. As the polymerization proceeded, the

Figure 1. Illustration (left) of the silica functionalization (a), metal catalyst anchoring (b), and the growing of the preceramic l-PCS brush from the
silica surface (c) alongside a schematic of the Pt(0)-catalyzed hydrosilylation mechanism (d). Neat 72-HNP dropped on a glass slide (e) and after
tilting the glass slide perpendicular to the floor (f). Scanning TEM (STEM) imaging of the 72-HNP (g, h) and 48-HNP (i) show dense corona
surrounding the silica nanoparticles. Single particle images (g) show corona completely surrounding the particle.
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reaction medium changed color from light yellow to dark brown. This
color change happened slowly over the course of several hours. The
toluene was then evaporated with rotary evaporation, and the HNPs
were collected and used without further purification. The HNPs can
solidify if stored improperly (e.g., HNP gel in ∼24 h if left at room
temperature in the neat state). Storing HNPs dispersed in toluene or
dichloromethane (DCM) prevents nanoparticle gelling. HF was used
to cleave the grafted polymer chains from the silica surface, but the
study was inconclusive. HF treatment appeared to react with the
polymer, and the “cleaved” material was undetectable by gel
permeation chromatography (GPC). 1H NMR 400 MHz (CDCl3/
toluene-d8) −0.1 to 0.08 (Si−CH3), 0.52 (Si−CH2CH2CH2−Si), 1.3
(Si−CH2CH2CH2−Si).
HNP/SMP-877 Composite Formulation. HNPs and commer-

cial preceramic polymer SMP-877 (Starfire Systems Inc.) were
weighed into a round-bottom flask equipped with a stir bar at different
weight percents. HNP of 75 wt % and SMP-877 of 25 wt % were
chosen for one composite and 25 wt % HNP and 75 wt % SMP-877
were used for the other sample. These samples were made on a 1 g
scale. Ten milliliters of toluene was added to the mixtures, and they
were thoroughly stirred for 30 min. The toluene was removed to yield
a viscoelastic material. The samples were cross-linked at 160 °C for 1
h and then at 250 °C for another hour under vacuum. The cross-
linked HNP/SMP-877 materials are rubbery solids.
Material Characterization. The HNP-grafted brushes before and

after pyrolysis were characterized using a Bruker-Alpha P ATR-FTIR
with OPUS software. Dispersed HNPs and l-PCS were characterized
on a Bruker 400 MHz 1H NMR. A Zetasizer Malvern Nano ZS series
was used to determine the radius of hydration of the HNPs through
dynamic light scattering (DLS) using a 100VA He−Ne laser with a
633 nm wavelength and a scattering angle of 175°.59 A TA Discovery
HR-3 hybrid rheometer outfitted with a cone-and-plate fixture (2°
cone with a 40 mm diameter on a temperature-controlled Peltier
Plate) was used to measure the viscosity profiles of several low-
viscosity HNP samples dispersed in 2-ethylhexanol at 21 °C. The
viscosity profiles of neat HNP samples and concentrated HNP
samples dispersed in 2-ethylhexanol were determined using a parallel
plate fixture with a 200 μm gap. The samples were visualized using a
Talos (FEI, Portland, OR) transmission electron microscopy (TEM)
operating at 200 kV on lacy carbon ultrathin grids. The samples were
dispersed in tetrahydrofuran (THF) or DCM at concentrations of
around 8 × 10−4 mg/mL and drop-cast onto the grid. The grid was
held above a Kim Wipe to wick away the solvent and keep the
particles from aggregating. The HNPs were pyrolyzed under argon in
a graphite furnace at 1400 °C for 1 h after a 10 °C ramp from room
temperature. X-ray diffraction patterns of the pyrolyzed HNPs were
acquired on a tabletop Bruker D2 Phaser equipped with a Cu X-ray
tube with a maximum of 30 kV, 10 mA. Data was collected using a
0.02 step scan from 10 to 80° with an exposure time of 1 s/step.
Ceramic yield was determined for cured HNPs heated to 1000 °C on
a TA Instruments Q600 thermogravimetric analysis (TGA). Samples
were heated in platinum pans for 20 °C/min under an argon
atmosphere (100 mL/min). DSC was completed on a TA DSC 2500
using aluminum pans, and displayed DSC traces were obtained on the
second heating curve of a heat−cool−heat cycle at 10 °C from −80 to
80 °C.

■ RESULTS AND DISCUSSION

Synthesis of Preceramic HNPs through Hydrosilyla-
tion Chemistry. HNP synthesis was conducted via a grafting-
from approach, utilizing hydrosilylation chemistry to grow
poly(1,1-dimethylpropylsilane) (l-PCS) from the surface of
silica nanoparticles (Figure 1a−d). These silica nanoparticle
cores were initially functionalized with dichloromethylsilane
via reaction with native surface hydroxyl groups to coat the
silica surfaces with Si−H bonds. Functionalization was
monitored through ATR-FTIR, which shows the appearance
of the Si−H absorption at ∼900 cm−1, as well as absorptions at

∼2800−3000 cm−1 corresponding to the methyl group
included in the silane monolayer (Figure S1). TGA shows a
weight loss of ∼6% from 200 to 1000 °C, with an initial weight
loss of ∼1−2% from 0 to 200 °C corresponding to the
adsorbed water (Figure S2). This mass loss corresponds to a
grafting density of 16 Si−H initiation sites/nm2. Grafting
density calculations can be found in the Supporting
Information (SI).59

After successful functionalization, a graft-from approach
utilizing the Pt-catalyzed hydrosilylation polymerization of
allyldimethylsilane was performed to produce the l-PCS
corona. The hydrosilylation mechanism begins with the
oxidative addition of the Pt(0) Karstedt’s catalyst into the
Si−H bond (Figure 1b). Functionalizing the silica nano-
particles with the silane moiety enables the anchoring of the
Pt(0) catalyst to the nanoparticle surface. This initial
anchoring took approximately 5−10 min and was accompanied
by a change in the color of the reaction solution from colorless
to yellow. Therefore, when the allyldimethylsilane monomer is
subsequently introduced dropwise after the catalyst incubation
period, the chains preferentially grow off the silanized Si−H
monolayer (Figure 1c). The amount of Karstedt’s catalyst
added to the reaction vessel corresponded to ∼6 catalyst sites/
nm2. Using a substoichiometric amount of catalyst relative to
the number of Si−H reaction sites on the silica surface helped
facilitate chain growth from the surface of the nanoparticles. As
the polymerization proceeded, the reaction media changed
color from yellow to dark brown. This color change was
significantly slower than in the analogous polymerization in the
absence of silica, where the yellow to brown color change was
almost immediate. The color change is thought to be
associated with the formation of colloidal platinum, a side
product of the hydrosilylation reaction.60 This reduced rate of
color change may indicate that the reaction proceeds primarily
from the surface as monomer diffuses toward the anchored
catalyst sites. The overall concentration of the catalyst is
actually higher in the grafting reaction than that of the silica
free (solution-based) polymerization of l-PCS, evidence that
the reaction rate slows in the presence of silica. This reduced
reaction rate necessitated that long polymerization times of 24,
48, and 72 h be employed. Samples from these polymerizations
will be referred to as 24-HNP, 48-HNP, and 72-HNP in the
remainder of the manuscript.
It was not possible to purify the l-PCS-based HNPs through

typical HNP clean-up protocols, such as centrifugation or
precipitation into a poor solvent.59,61,62 The l-PCS-based
HNPs dispersed in toluene and toluene/methanol mixtures did
not separate into a pellet and supernatant upon centrifugation
at 6000−14 000 rpm for 20−40 min. Additionally, our HNPs
did not precipitate into mixed solvent systems. Therefore, the
HNP materials were removed from their toluene mother liquor
and studied without further purification. Dynamic light
scattering (DLS) was used to study the sensitivity of the
prepared HNPs to free polymer. The addition of free l-PCS at
concentrations greater than 5 wt % could be detected by the
appearance of an additional peak in the DLS and an increase in
the radius of hydration (Figures S9 and S11). We feel that this
result provides strong circumstantial evidence that the level of
free polymer in our system is rather low.
ATR-FTIR and NMR were used to gain additional insights

into the chemical makeup of the HNPs. Spectral features
associated with l-PCS from 600 to 1500 cm−1 accompany the
spectral features from silica in the ATR-FTIR spectra for all of
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the grafted HNPs (Figure 2b). ATR-FTIR of the grafted HNPs
shows strong absorptions in the 2800−3000 cm−1 region,
indicating that alkyl groups from the polymer are present in the
sample (Figure 2a). From the silanized silica spectra (Figure
2a, thick round-dashed red line) to 24-HNP spectra (Figure

2a, thick green line), an increase in the intensities of aliphatic
absorptions ∼2800−3000 cm−1 is observed. For 24-HNP, the
600−1500 cm−1 region is dominated by the Si−O absorption
at ∼1100 cm−1 with the appearance of the 1250 cm−1 Si−CH3

peak (Figure 2b). 48-HNP and 72-HNP samples show more

Figure 2. ATR-FTIR spectra of the silanized silica (red), 24-HNP (green), 48-HNP (blue), 72-HNP (purple), and l-PCS (black). The FTIR
spectra are split into the aliphatic region (2700−3100 cm−1) (a) and the silane region (400−1700 cm−1) (b). In the aliphatic region (a), the
silanized silica spectra are the bold rounded dashed red line, and the l-PCS spectra are the square dashed black line, with the 24-HNP, 48-HNP, and
72-HNP lines ranging in thickness from bold to thin.

Figure 3. Viscosity profiles of 24-HNP (a), 48-HNP (b), and 72-HNP (c) in the neat state (dark red, top dashed line) and diluted in various
weight percents of 2-ethylhexanol. The lowest dilution is represented by the bottom dashed black line for all three samples. The weight percents
correspond to core volume fractions (ϕc) of ∼0.001−0.1 for the lowest and highest weight percents studied. Stress (Pa) versus shear rate (s−1) for
the 24-HNP (d), 48-HNP (e), and 72-HNP (f) in the neat state (dark red, top dashed line) diluted to 80 wt % HNP in 2-ethylhexanol (red) and
diluted to 60 wt % HNP in 2-ethylhexanol.
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polymer characteristics with a decrease in the Si−O absorption
and an increase in the Si−CH3 peak.

1H NMR was also used to
characterize the HNPs, as they were easily dispersible in
common organic solvents. 1H NMR shows peaks associated
with the 1-PCS repeat unit (Figure S3). This dispersibility
provides strong evidence for successful grafting, as the simple
physical blending of polymer and SiH-silica nanoparticles did
not yield a dispersible system. The HNPs can be considered
self-supporting, in that they exhibit viscous flow properties in
the absence of solvent. This can be visualized in Figure 1e,f,
where 48-HNP and 72-HNP placed on a glass slide flowed
down the surface of the slide when it was held vertically (video
provided in SI). STEM microscopy of 48-HNP showed a clear
corona surrounding the silica cores despite aggregation of the
particles due to drying effects (Figure 1g−i).
Steady-State Flow Curves. Viscosity profiling of all

HNPS was completed for shear rates ranging from 0.1 to 100
s−1 (Figure 3). The samples were either in the neat state or
diluted in 2-ethylhexanol by weight. 2-Ethylhexanol was
selected for this work as it has a high boiling point (∼186
°C) that reduces the risk of solvent evaporation during the
measurements, as well as the high dispersibility of HNPs in this
solvent. The samples were diluted from 80 to 1 wt % for 24-
HNP (Figure 3a), 80 to 3 wt % for 48-HNP (Figure 3b), and
80 to 15 wt % for 72-HNP (Figure 3c). Below these lower
dispersion limits, the viscosity was equivalent to the viscosity of
2-ethylhexanol, indicating full dilution of the particles in the
solvent. Qualitatively, the viscosity profiles for the range of
dispersions showed similar behaviors across all three HNP
samples (24, 48, and 72). The extent of shear thinning was
examined by fitting the flow curves with a power law according
to the equation η = γ−m, where η is the viscosity, γ is the shear
rate, and m is the power law index. Shear-thinning liquids have
m values close to unity, while Newtonian liquids have m values
below 0.2. A cross-over region exists between 0.3 and 0.7 as
materials transition between Newtonian and non-Newtonian
behaviors.63 The plot of m against wt % HNP in 2-
ethylhexanol shows a steady increase in m with increasing
HNP weight percent (Figure S7), which indicates that the
dispersions become more shear thinning as HNP concen-
tration is increased.
At low weight percents, the viscosity is independent of shear

rate, demonstrating Newtonian behavior (Figure 3). The
HNPs are thermodynamically stable in the 2-ethylhexanol
dispersions and do not exhibit any microstructural changes as a
result of shear.64 Newtonian behavior is most clearly exhibited
by dispersions between 1 and 30 wt % for 24-HNP, 3 and 30
wt % for 48-HNP, and 15 and 40 wt % for 72-HNP, as shown
by m values below 0.2. The viscosities increase with the
increasing weight percent of HNPs as higher densities of
particles lead to greater numbers of collisions between
particles.65 Regardless, at these weight percents, HNP
interactions are infrequent enough that no significant particle
network can be formed that would be influenced by shear. This
data shows that HNPs can be dispersed at moderate weight
percents in 2-ethylhexanol and maintain the fluid flow
behaviors of a Newtonian liquid. This indicates that the l-
PCS chains are densely grafted, screening the silica−silica
interactions that lead to particle aggregation.
Further increasing the weight percent of l-PCS HNPs in 2-

ethylhexanol prompts a dependence of viscosity on shear rate,
resulting in shear-thinning rheological behavior. At higher
weight percents (>30−40%), the particle concentration in the

2-ethylhexanol is sufficient to form loose microstructures,
which can be broken with shear, indicated by a decrease in
viscosity with higher shear rates.54 For example, 60−80 wt %
dispersions of 24-HNP show an order of magnitude decrease
in viscosity from low (0.1 s−1) to high (100 s−1) shear rates
(Figure 3a). This indicates that at these concentrations, the
interactions between particles began to dominate over the
solvent−particle interactions, leading to greater numbers of
particle networks. The neat 24-HNP sample shows an
approximately 2 orders of magnitude decrease in viscosity
with increasing shear rate. In the neat sample, there were no
solvent molecules to disperse the HNPs, and the fluid is thus
dominated by network formation between brush polymer
chains. 48-HNP and 72-HNP follow similar rheological trends
as 24-HNP (Figure 3b,c). While there is a dependence of
viscosity on shear, all of the neat grafts have m values of ∼0.7,
signifying that they are not strongly shear-thinning fluids. This
shows that networks formed between neighboring particles are
weak and neighboring brushes are most likely not engaging in
strong entanglements. This behavior deviates significantly from
the rheological properties of l-PCS mixtures with 20 wt % silica
physically mixed in (Figure S9). These samples show highly
shear-thinning behavior with an m value of 0.84 and a low
shear viscosity of approximately 100 000 Pa s (Figure S8).
Figure 3d−f shows the plots of stress (Pa) versus strain rate

(s−1) for neat HNPs, as well as HNPs dispersed at 80 and 60
wt % in 2-ethylhexanol. The Herschel−Bulkley equation is
used to fit the data to determine yield stress and power law
values (Table S2). The neat sample curves show a slight
plateau at low strain rates indicating yielding behavior. The
highest yield stress is reported for the neat 24-HNP sample at
∼446 Pa, and this value decreases with reaction time. The neat
48-HNP and 72-HNP samples exhibit yield stresses at ∼69 and
∼16 Pa, respectively. The yield stress further decreases with
dispersion, and the 80 wt % samples show yield stresses at ∼6,
∼6, and ∼0.07 Pa for the 24-HNP, 48-HNP, and 72-HNP
samples, respectively. The plots of the 24-HNP and 48-HNP
80 wt % dispersions show a slight plateauing of the stress−
strain curve near low strain rates, while the 72-HNP does not
exhibit this behavior. Dispersion to 60 wt % HNP in 2-
ethylhexanol furnishes samples with yield stresses at ∼0.6,
∼1.2, and ∼0.06 Pa for the 24-HNP, 48-HNP, and 72-HNP,
respectively. The plot of the 48-HNP 60 wt % dispersion
displays slight plateauing, while the 24-HNP and 72-HNP
samples do not. This data indicates that the neat HNPs require
a yield stress to flow, and once flowing, these materials display
shear behavior. Dispersing the HNPs in 2-ethylhexanol
drastically decreases the yield stress value, indicating that the
materials are approaching Newtonian behavior with disper-
sions of 60 wt % HNPs in the solvent.
To compare the viscosity data to the Krieger−Dougherty

(KD) model (eq 1), a frequently used suspension rheology
model, the relative shear viscosities (ηr) were plotted against
the silica core volume fraction (ϕc) for weight fractions ≤40 wt
% of the HNPs in 2-ethylhexanol (Figure 4)
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These fractions were used because the flow curves are more
Newtonian and a zero shear viscosity could be accessed. ηr =
η/η0, where η is the viscosity of the sample; η0, the matrix
viscosity, is the viscosity of 2-ethylhexanol (0.01 Pa s); and [η]
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is the intrinsic viscosity. For hard spheres, this value is 2.5. The
weight ratios of HNPs dispersed in 2-ethylhexanol were first
converted to silica core volume fractions by the following
equation2

ϕ
ρϕ
ρ ϕ

=
+ −1 ( 1)c

w

w (2)

where ρ indicates the ratio of the polycarbosilane density to
that of SiO2, and ϕw is the weight fraction of silica in the
dispersion, determined through TGA (Figure S5).
For all three grafted samples, the relative shear viscosities

rapidly increase at low core volumes (Figure 4), deviating
significantly from the standard hard-sphere behavior, as
defined by the Krieger−Dougherty relationship (dashed
black line, Figure 4). In the Krieger−Dougherty relationship,
the maximum packing volume fraction of hard spheres in a
matrix is 0.63, and viscosity becomes infinitely large near this
core volume fraction. This is the relationship that would apply
in the case of an aqueous dispersion of isotropic, rigid latex
spheres.66 However, for 24-, 48-, and 72-HNPs, the relative
viscosities rapidly increase at much lower core volumes than

0.63. Fitting these curves to eq 1 provides a realization of ϕm
and [η] for the HNP relative viscosities as a function of silica
core volume fraction (Table 1). The maximum packing volume
fraction for all three HNP samples is ∼0.06−0.07. The inverse
of the intrinsic viscosity is equivalent to the overlap volume
fraction, ϕ*, and this value is ∼25 times smaller than the
typical hard-sphere suspension.67 This behavior indicates that
both the polymer corona and silica sphere contribute to an
effective core volume, ϕeff, as follows

64,68
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For these samples, the silica particle radius, ac, was set to be 7.5
nm, as the diameter of the silica spheres ranges from 10 to 20
nm. L is the brush length of the grafted polymer, and brush
lengths were determined through dynamic light scattering,
giving values of 6.89 ± 2.34, 7.65 ± 1.38, and 8.14 ± 0.88 nm
for 24-HNP, 48-HNP, and 72-HNP, respectively (Figure S4).
Knowing the brush length allows for a more accurate

representation of relative shear viscosity as a function of
volume core. The relative viscosities plotted against the
effective core volume show behavior closer to that of the
standard hard-sphere behavior, indicating that the polymer
brush augments the silica core to some extent (Figure 4).
However, for all samples, the viscosities deviate at lower
fractions than a standard hard-sphere system. Parameters ϕm
and [η] are also determined for the relative viscosities as a
function of ϕeff for all three HNP samples (Table 1). The
maximum packing volume fraction for the 24-HNP sample is
∼0.39, and this value increases with reaction time to 0.56 and
0.59 for the 48-HNP and 72-HNP samples, respectively. The
overlap volume fractions are 2.5−3.6 times smaller than for a
typical hard-sphere suspension. Since the onset of jamming for
all samples is still lower than 0.63, this may indicate that the
HNPs are forming loose networks in the solvent at the weight
percents where jamming occurs, increasing the relative
viscosity at lower core volumes than the theoretical max
packing fraction.69 The propensity for the HNPs to form
networks could be influenced by unscreened silica−silica
interactions, polymer brush interactions with neighboring
particles, and brush−solvent interactions. Additionally, the
length of the brush and grafting density can also impact
network formation in solvated HNP systems.70 For our HNP
system, it is clear that the brush length impacts the
concentration in which jamming occurs, with longer brush
lengths shifting jamming to higher concentrations. However,
the mechanism driving the network formation of these HNPs
is still being determined.
Significantly, the grafting of l-PCS from the SiO2 surface

enables these nanoparticles to be included in a preceramic
polymer matrix at relatively high concentrations. Further, the

Figure 4. Relative viscosity plotted against ϕ for 24-HNP (red), 48-
HNP (green), and 72-HNP (blue). The relative viscosity as a function
of silica core volume fraction (ϕc) curves is marked by ϕc, directly
above the curves on the top axis. The relative viscosity as a function of
the effective volume fraction (ϕeff) is marked by ϕeff, directly above
the curves on the top axis, and the dashed line indicates the
theoretical hard-sphere behavior calculated from the Krieger−
Dougherty (KD) equation. All experimental curves are fit to eq 1
to determine the ϕm and [η] parameters unique to each curve. The
solid lines represent the fits for each data set.

Table 1. ϕm and [η] Parameters Determined through Fitting Relative Viscosity as a Function of Silica Core Volume Fraction
(ϕc) and as a Function of Effective Volume Fraction (ϕeff)

a

KD fitting from ϕc KD fitting from ϕeff

ϕm [η] ϕ* ϕm [η] ϕ*

24-HNP 0.06 ± 0.0009 61.7 ± 1.7 0.016 0.39 ± 0.007 8.7 ± 0.24 0.11
48-HNP 0.07 ± 0.001 59.7 ± 1.5 0.017 0.56 ± 0.008 7.3 ± 0.19 0.14
72-HNP 0.07 ± 0.001 60.9 ± 1.1 0.016 0.59 ± 0.08 6.38 ± 1.1 0.16

aϕ* values determined from the inverse of [η].
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addition of these HNPs should confer improved weight
retention and limit shrinkage upon pyrolysis, while not
radically disturbing the rheological characteristics of the
polymer. Applications such as PIP processing, which requires
preceramic polymers to flow into the pores of a ceramic piece,
would benefit from the combined relatively low viscosity and
high solid loadings of these new preceramic hybrid HNPs.
Thermal Transitions Associated with Preceramic

HNPs. Prior to examining the thermal transitions of
preceramic HNPs, untethered 1-PCS (8 kDa) was examined
via DSC. As seen in Figure 5, 1-PCS (black trace) exhibits a

melting transition near 13 °C. When examining the thermal
transitions of semicrystalline polymers, the number of melting
transitions is indicative of the number of chain-packing
configurations present in the crystallite.71,72 Additionally, shifts
in melting transitions of a polymer directly correspond to
changes in the crystalline structure.71,72 Therefore, the single
melting transition displayed by l-PCS indicates the presence of
a single crystalline domain. This result aligns with a previous
report by Tsyba, who concluded that l-PCS orients in a single,
fully extended chain-packing configuration.73 However, it is
worth noting that both the melting temperature and the
number of melting transitions observed herein for l-PCS
deviate from a previous investigation examining the properties
of l-PCS synthesized via anionic polymerization.74 Specifically,

Isono et al. reported that l-PCS polymers having Mn > 105

exhibit multiple melting transitions near 37 °C. Discrepancies
in the melting point temperature and the number of transitions
are attributed to differences in molecular weight. For example,
Qiu et al. reported that increasing the molecular weight of
semicrystalline polymers increased both the melting point
temperature and the number of crystalline domains.75

Moreover, Qiu et al. concluded that most low-molecular-
weight semicrystalline polymers exhibit one melting transition
(extended chain-packing configuration).75 Further, these
authors noted that increasing the molecular weight increases
the number of chain-packing configurations ranging from
extended to once-folded, twice-folded, and thrice-folded.75

Thus, with the low-molecular-weight l-PCS utilized here, it is
reasonable to suspect that the melting transitions observed at
13 °C are due to crystalline domains having an extended chain-
packing configuration.
In addition to untethered l-PCS, Figure 5 also displays DSC

results for all HNP samples. Three main observations can be
deduced from these results. First, all HNP samples display a
decrease in the intensity of the melting point compared to l-
PCS. This indicates that tethering l-PCS to silica particles
hinders the formation of crystalline l-PCS domains and
decreases the amount of crystalline phase present in the self-
suspended HNP.76 Moreover, the enthalpy of melting for HNP
samples is significantly lower than the enthalpy of melting
observed in l-PCS, as seen in Table S1, indicating that the rate
of crystallization is lower in HNP samples than in l-PCS
samples. The enthalpy of melting of 100% crystalline l-PCS has
not been reported in the literature, making it impossible for us
to quantify the percent of crystallinity for our HNPs. However,
we can consider prior l-PCS results and make inferences with
previous studies examining poly(ethylene oxide) (PEO)
nanocomposites. For example, Burgaz reported that both the
melting peak intensity and enthalpy of melting in PEO
nanocomposites decrease as the loading level of clay and
fumed silica increases.76 Burgaz attributed these results to the
presence of clay and fumed silica, which limit crystallization.
Second, all HNP samples display a decrease in the peak
melting point and crystallization temperature as compared to l-
PCS, with the decrease corresponding to increasing reaction
time (Figures 5 and S6). As suggested by Kumar et al.,
depressions in crystallization temperatures for polymer nano-
composites indicate that nanofillers are unable to nucleate

Figure 5. DSC results display the thermal transitions of l-PCS and
HNP samples. Displayed DSC traces were obtained on the second
heating curve of a heat−cool−heat cycle at 10 °C from −80 to 80 °C.

Figure 6. (a) ATR-FTIR of neat HNP and composites pyrolyzed at 1000 °C. 72-HNP shows both SiC and SiO absorptions, while increasing the
wt % of SMP-877, SiC absorptions become more prominent. (b) TGA curves of 48-HNP (dashed light green line), 72-HNP (magenta line), cured
48-HNP (green line), and cured 72-HNP (large dashed purple line).
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polymer chains since nucleation generally increases both the
melting and crystallization temperatures.77 Thus, the decrease
observed in the peak melting point and crystallization
temperature suggests that nucleation plays an inconsequential
role in the thermal transitions of self-suspended HNPs. This
strengthens our previous inference that suggested that grafting
alters the growth of crystalline domains and rate of
crystallization in self-suspended HNPs. Finally, all HNP
samples display a broadening and an increase in the number
of melting transitions. As alluded to previously, the number of
melting transitions corresponds to the number of chain-
packing configurations present in the crystallite.72,78 Thus, the
appearance of new melting transitions in the HNP samples
suggests that new crystalline domains containing different
chain-packing configurations are present. While beyond the
scope of the current investigation, this result is striking and has
prompted additional studies examining the hierarchical
structure of l-PCS grafted to spherical nanoparticles.
Conversion of HNPs and HNP/Preceramic Polymer

Mixtures to Ceramics. The conversion efficiency of HNPs to
purely ceramic systems was assessed using thermal gravimetric
analysis (TGA) to determine the fraction of mass retained
upon heating to 1000 °C. For HNP samples tested as
synthesized (i.e., were not cured prior to pyrolysis), the
polymer brush is completely lost between 400 and 500 °C,
leaving pure silica (determined through XRD). Thermally
curing the HNPs for 1 h at 160 °C followed by another hour at
250 °C under vacuum improved the ceramic yield at 1000 °C
by 20−25% and converted the brush to silicon carbide, giving a
total ceramic yield of ∼60% (Figure 6). In all samples, the first
thermal loss occurred from 0 to 200 °C and constitutes 5−8%
of the sample weight. This was attributed to the loss of
adsorbed water or solvent from the sample. The loss of organic
groups from the polymer brush occurs from 400 to 500 °C.
The remaining material, whether pure silica or silicon carbide,
was thermally resistant, and no more weight loss occurred up
to 1000 °C. While our current work provides a proof of
principle, in future research, we plan to further improve the
ceramic yield by altering the architecture of the preceramic
polymer corona to a macromolecule that is more optimized for
ceramic conversion.
Formulations of HNPs and SMP-877 (a commercially

available polycarbosilane) were made to study the ceramic
composition with additional preceramic polymer present in the
sample. As we anticipate that HNPs can be used in
combination with commercial preceramic polymers to create
customized formulations, we undertook a short study to
determine the conversion behavior of these mixed systems.
The mixed HNP/SMP-877 samples were thermally cross-
linked before and pyrolyzed to 1400 °C for 1 h in a graphite
furnace. ATR-FTIR was used to examine the chemical
structure of the cross-linked (neat) 72-HNP and HNP/SMP-
877 materials after pyrolysis (Figure 6). The major absorptions
appearing at 1066 and 819 cm−1 corresponded to Si−O bonds
and Si−C bonds, respectively. Additionally, some carbon was
present in the neat pyrolyzed HNP sample, exhibiting
absorptions at ∼1600 and ∼2900 cm−1. With increasing
weight ratio of SMP-877 in the pyrolyzed material, the
intensity of the Si−C absorption increases, while the Si−O
absorption decreases. As expected, this indicates a greater
concentration of silicon carbide in the composite as opposed to
silica, corresponding to a greater concentration of SiC-
converting material in the prepyrolyzed sample. Character-

ization of HNP- and HNP/SMP-877-derived materials by X-
ray diffraction indicated the presence of similar crystalline
phases, independent of the sample (Figure 7). The neat

pyrolyzed HNP sample showed β-SiC at 2θ values of 36, 60,
and 72°. Additionally, the largest intensity peak at 22° is
associated with SiO2 domains, and small intensity carbon peaks
were also observed at ∼44°. The HNP/SMP-877-derived
composites show spectra dominated by SiC, with minor SiO2
features. This data agreed with the ATR-FTIR spectra and
showed that SiC was formed from the pyrolysis of cured
HNPs. Further, this data qualitatively shows that the SiC
content can be increased by increasing the proportion of
polycarbosilane in the system, through the addition of
exogenous preceramic polymer (e.g., SMP-877).

■ CONCLUSIONS
As detailed in this manuscript, we have succeeded in
synthesizing solvent-free and free-flowing HNP liquids utilizing
polymer brushes that are novel in both their chemistry and
functionality. These first examples of preceramic polymer-
grafted HNPs were synthesized by growing l-PCS (using
hydrosilylation chemistry) from the functionalized surface of
silica nanoparticles. Conformation of the synthesis of these
new HNPs by chemistry that is both facile and well defined
was verified through ATR-FTIR and 1H NMR, and TEM
characterization. The HNPs produced through this grafting
method are self-supporting viscous fluids that can flow with an
applied force (e.g., under the influence of gravity). Addition-

Figure 7. XRD spectra of HNP pyrolyzed at 1400 °C (top curve)
showing conversion to SiC in addition to SiO2 from the silica core.
Increasing the amount of SMP-877 (middle and bottom curves)
increased the SiC intensities compared to that of the SiO2 intensities.
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ally, these HNPs are easily dispersible in a variety of common
organic solvents such as toluene, dichloromethane, and
chloroform. Rheological data provided quantitative informa-
tion on the flow properties of neat HNPs, as well as HNPs
dispersed in an organic solvent. In addition to the unique
rheological properties conferred by the grafting of l-PCS to
nanoparticles, these polymer chains may also be converted to
SiC after thermal curing with reasonable ceramic yields at 1000
°C. Formulations of HNPs with commercial preceramic
polymers were investigated and found to be a utilitarian
strategy to tailor the amount of SiC in the final ceramic
nanocomposite. The straightforward synthesis of SiC-convert-
ing HNPs that we have described provides a useful scientific
platform for studying the physical properties of preceramic
polymer/nanoparticle hybrids. Additionally, we anticipate that
this new class of preceramic polymer-based HNPs will provide
significant technological advantages, including the ability to
create nanocomposites with exquisitely controlled nanostruc-
tures. Further, the unique hybrid architecture of these materials
could allow one to access nanocomposite compositions that
are not obtainable through purely polymer-derived strategies.
In considering the prior work and multitude of materials
explored in both the HNP and preceramic polymer chemistry
fields, we anticipate that this new class of nanoparticles will
pave the way for a substantial and diverse family of hybrids.
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