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Abstract

Nanocomposites integrate functional nanofillers into viscoelastic matrices for electronics,
lightweight structural materials, and tissue engineering. Herein, the effect of methacrylate-
functionalized (MA-Si0O;) and vinyl-functionalized (V-SiO,) silica nanoparticles on the thermal,
mechanical, physical, and morphological characteristics of poly(ethylene glycol) (PEG)
nanocomposites was investigated. The gel fraction of V-SiO, composites decreases upon
addition of 3.8 wt% but increases with further addition (>7.4 wt%) until it reaches a plateau at
10.7 wt%. The MA-SiO, induced no significant changes in gel fraction and both V-SiO, and
MA-SiO; nanoparticles had a negligible impact on the nanocomposite glass transition
temperature and water absorption. The Young’s modulus and ultimate compressive stress
increased with increasing nanoparticle concentration for both nanoparticles. Due to the higher
crosslink density, MA-SiO, composites reached a maximum mechanical stress at a concentration

of 7.4 wt%, while V-SiO, composites reached a maximum at a concentration of 10.7 wt%.
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Scanning electron microscopy, transmission electron microscopy, and small-angle X-ray
scattering revealed a bimodal size distribution for V-Si0, and a monomodal size distribution for
MA-Si0,. Although aggregates were observed for both nanoparticle surface treatments, V-SiO,
dispersion was poor while MA-SiO, were generally well-dispersed. These findings lay the
framework for silica nanofillers in PEG-based nanocomposites for advanced manufacturing

applications.
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Introduction

Polymers are broadly used for many practical materials, such as biomedical implants,
semiconductors, consumer products, and more."* The polymer modulus often dictates the
characteristics for a given application, and while polymers have a range of moduli, the
incorporation of different heterogeneous additives (i.e., to form polymer composites) can
reinforce the polymer matrix and additionally improve optical characteristics, mechanical
strength, conductivity, etc., while maintaining their characteristic lightweight nature.?3->~7
Polymer composites have significantly impacted modern technology due to their
multifunctionality and tunability.®-1 Additives exist in a wide range of sizes and functionalities
to enhance and fine-tune certain properties (often, a particular additive will be used to impart a
specific property).!'"!5 For example, fiberglass can be integrated to enhance durability and
structural integrity, while carbon nanotubes are used to improve electrical conductivity of
materials.’'® Furthermore, TiO, nanoparticles can be added to refine optical quality.!” A setback
of nanoadditives is the control over dispersion as additives are prone to aggregation, thereby
impacting the composite’s material properties.'®! However, Kumar et al. stated that
thermodynamic miscibility of the nanoparticles with polymers can be improved by using
nanoparticle surface ligands that are chemically similar to the melt and polymer chains with
lower molecular weights.>!® The challenges associated with obtaining sufficient nanoadditive
dispersion leads to a sub-maximal functional benefit of the additive which is a significant trade-
off.

Polymer networks can be formed using a variety of synthetic pathways; those formed via
step growth polymerizations are the oldest and helped define many of the network formation

theories.?%2> Advances in polymer synthesis techniques have carried over to network synthesis,
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with click chemistry, photochemistry, renewable polymers, and free radical chemistries being
utilized.2921-23 To make these networks even more versatile and functional, nanoadditives can be
incorporated to make nanocomposites.?*?> As an example, Hata et al. demonstrated the benefit of
adding silica nanoparticles to their step growth thiol-ene systems to improve holographic storage
for media.?¢ Free radical polymerization can also be used to form physical networks by the
sequential addition of monomer building blocks to make block polymers; block polymers have
distinct microdomains that can selectively solubilize nanoparticles with different surface
functionalities.?’?® Polymer nanocomposites can also be prepared by dispersing nanoparticles in
a monomer or oligomer solution and then crosslinking the resin, often through the use of
photoreaction or photopolymerizations.?-3! Photocurable reaction schemes offer spatial control,
which makes them attractive candidates to build hierarchically structured materials (e.g.,
metamaterials, composites, etc.) or 3D materials with custom and pre-programmed shapes (e.g.,
dental fillings, tissue implants, etc.).?%32735 Upon the addition of photoinitiators and exposure to
light, the formation of stable, covalently bonded crosslinks occurs between monomers.??-36-37
Several studies have investigated the influence of silica nanoadditives on the composite
properties for use in applications such as automobile tires, electrical products, and coatings.3843
Dizon et al. analyzed the thermomechanical properties of 3D-printed nanocomposites to be used
as biomedical and microfluidic devices and discovered that increasing the loading of silica
nanoparticles lead to higher stiffness.’? Earlier work from our laboratory noted that
nanocomposites containing unfunctionalized Si0O, nanoparticles exhibited the behavior that the
addition of particles caused the composite’s Young’s modulus and ultimate compressive stress to
increase by 2x and 3x, respectively.** The high modulus SiO, nanoparticles stiffen the matrix

around it by limiting mobility, which increases the modulus and contributes to a more robust

4
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material. Others have noted that the increase in modulus is dictated by the interfacial area, where
a higher additive surface area leads to a stiffer matrix.*> Theoretically speaking, the modulus
could increase infinitely with increasing loading of additives in a perfectly mixed system,
however particle agglomeration and/or percolation leads to a trade-off wherein further
nanoparticle additions degrade the mechanical properties of the composite.*® These previous
studies demonstrate the tunability of the thermal and mechanical properties of SiO,-loaded
composites. However, the percolation and agglomeration occurred at too low of a concentration,
resulting in too modest of functional gains to be translated to any practical applications. To
increase the range of properties that can be achieved, it would be beneficial to explore nanoscale
additives with alternative surface functionalities that can be incorporated into the polymer matrix
of the composite.

Functionalized nanoparticles offer a solution to limited gel fractions and particle
agglomeration. For example, Schneider et al. used gold nanoparticles coated with
polyelectrolytes that allowed them to tailor the ionic strength, polyelectrolyte contour length, and
concentration of polyelectrolyte to limit particle aggregation and improve dispersion in ultrathin
composite films.4” Functionalized nanoparticles can participate in the cross-linking reaction (i.e.,
with a reactive functional group that complements the matrix chemistry) and compensate for
losses in monomer crosslinks.*® This strategy was utilized in a study conducted by Rossi et al.
wherein functionalized polymeric nanoparticles were crosslinked within a polymer hydrogel to
control the biodegradability of the material.*® Silica-based nanocomposites fabricated with
functional, or reactive, surface chemistries have also been studied extensively.*>3 Wang et al.
prepared double-network hydrogels wherein vinyl-coated silica nanoparticles were

copolymerized with 2-acrylamido-2-methylpropanesulfonic acid and N,N’-
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methylenebis(acrylamide) (MBAA) to make a first network followed by the addition of a second
network comprised of acrylamide and MBAA .>* Silica nanoparticle concentrations of only <4
wt% were studied, but the authors observed the formation of a hierarchical microstructure that
resulted in resilient mechanical properties. In another study, Bauer et al. loaded up to 35 wt% of
silica nanoparticles bearing different trialkoxysilane functional groups and noted that the vinyl
and methacrylate reactive groups markedly improved the surface abrasion resistance.’®> The
functional surface groups can improve mechanical integrity as above, but also have the potential
to improve nanoparticle dispersion in the composite when mixed with chemically similar
monomers. In summarizing this work, we observed a couple of gaps in the literature. The
nanocomposite morphology (i.e., nanoparticle dispersion) across the broad range of nanoparticle
concentrations and the connection between the reactive functional group chemistry and the bulk
thermomechanical properties were not studied.

In this study, SiO, nanoparticles containing vinyl- and methacrylate-functional groups
(V-Si0, and MA-Si0,, respectively) were used as nanofillers in a polymeric composite (Figure
1). SiO, nanoparticles are commonly used in nanocomposites due to their low cost, tunable
surface chemistry, and other interesting properties including high mechanical strength and
thermal and chemical stability.’® These nanoparticles were loaded into in a model photocurable
polymer nanocomposite system composed of a poly(ethylene glycol) diacrylate matrix. The V-
Si0, and MA-Si0, nanoparticles were loaded at five different weight fractions (0, 3.8, 7.4, 10.7,
and 13.8 wt%) to study the impact they have on the gel fraction, glass transition temperature
(Tg), and the static and dynamic strain rate mechanical properties. Additionally, the water uptake,
surface and cross-section morphology, and thermal stability were determined. Small-angle X-ray

scattering (SAXS) experiments, conducted to determine the nanoparticle size and size

6
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distribution, corroborated findings from electron microscopy experiments. Static strain rate
compression testing was used to characterize the Young’s modulus, the ultimate compressive
stress, and the ultimate compressive strain at break. This research probes the potential of utilizing
functionalized SiO, nanoparticles to build a database of properties and characteristics that allow
for pinpoint, desired qualities in a material amenable to additive and advanced manufacturing

techniques.

a)

Figure 1. Schematic showing a) unfunctionalized and inert SiO, nanoparticles, b) methacrylate-
functionalized nanoparticles (MA-SiO,), and c) vinyl-functionalized nanoparticles (V-SiO,). V-

€C_ 9

Si0, nanoparticles are functionalized with vinyl and alkyl groups where “n” is unknown. The
vinyl concentration is also unknown.

Experimental

Materials

The poly(ethylene glycol) diacrylate (PEGDA, M,, = 575 g/mol, purity of >99.68%) and
2-dimethoxy-2-phenylacetophenone (DMPA) were purchased from Sigma-Aldrich and used
without further purification. The methacrylate-functionalized (MA-SiO,) and vinyl-
functionalized (V-Si0,) silicon dioxide nanoparticles (100 nm in diameter) were purchased from

NanoCym and used as received. Although, later analysis revealed that the particle size
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distribution was not monomodal. Tetrahydrofuran (THF) was purchased from Fisher Chemical
and purified using an MBraun solvent purification system.
Composite Fabrication

The process to prepare silica-loaded nanocomposites was adapted from our previous
protocols.** Composite samples were made by loading MA-SiO, into PEGDA. To reduce MA-
Si0, aggregation, the nanoparticles were first dispersed in THF (0, 0.04, 0.08, 0.12, or 0.16 g of
Si0, was added to 3 mL THF) and sonicated for 40 min. Separately, DMPA was mixed with the
PEGDA at a ratio of 0.0035:1 w/w (DMPA:PEGDA) based on a previous optimization study.**
The THF solution was then pipetted into 1.0 g of the DMPA/PEGDA mixture and stirred at 23
°C for 45 min. Next, the THF was evaporated at 23 °C and the solution was transferred into a
silicone mold and cured under a MelodySusie UV Gel Nail Polish Dryer UV light (Model DR-
301C, wavelength (A) of ~365 nm) for 3 min. The weight fraction of functionalized
nanoparticles in a given composite includes the weight of the silica and the functional ligands. A

sample calculation for the 3.8 wt% MA-Si02 samples are shown in Equation 1:

0.04 g MA — SiO,
0.04 g MA — SiO, + 1.0 g DMPA/PEGDA mix

W (%) = x 100 = 3.8 wt% MA — Si0;

The same process was used to fabricate composites containing V-SiO, nanoparticles.
Determination of Sol—Gel Fractions

Soxhlet extraction was used to determine gel fractions. A pre-weighed sample was placed
in the apparatus and >12 complete solvent wash cycles were completed. THF was used as the
solvent to dissolve any remaining soluble fraction. The sample was then weighed again after

drying under vacuum overnight at 25 °C to determine the final mass (W¢), which was compared
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to the initial mass (W;). Three replicates were performed for each sample type. The gel fraction

(C) was calculated according to Equation 2:

Wy
C (%) = 7, x 100 (1)

Water Uptake Experiments

In a standard process, the sample was oven-dried at 100 °C and atmospheric pressure for
14 h to ensure all water that was absorbed from atmospheric moisture was removed. Water
uptake was performed for >3 hours based on previously developed protocol.** An experiment to
confirm the water uptake equilibrium time was conducted (See Figure S1). The samples were
weighed and immersed in deionized water for at least 3 h to reach the absorption equilibrium.
The sample was removed from the water and blotted with a cloth to remove excess water on the
surface. This sample’s wet mass (W) was recorded and compared to its initial dry mass (Wy).
The percentage (by weight) of water taken up by the network (S) was calculated using Equation

3:

Thermal stability tests

Thermogravimetric analysis (TGA) was performed using a TA Instruments TGAS5500.
Samples (~5 mg each) were heated at a rate of 10 °C/min from 23-600 °C under nitrogen.
Scanning Electron Microscopy

The composite surface and cross-sectional morphology was characterized using a FEI
Nova 200 NanoLab field emission scanning electron microscopy (SEM) system. The
accelerating voltage was set to 10 kV with a probe current of 0.54 — 2.1 nA using the Everhart

Thornley detector (ETD) at a working distance (WD) of 5.0 mm. Composite samples were
9
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freeze-fractured using liquid nitrogen for surface and cross-sectional imaging. All samples were
imaged using a consistent sample thickness of ~4 mm.
Atomic Force Microscopy

Atomic force microscopy (AFM) was performed using a Bruker MultiMode 8. AFM was
equipped with microcantilever tip (NCHV-A) for tapping mode at room temperature.
Transmission Electron Microscopy

Transmission electron microscopy (TEM) of the silica nanoparticles was performed using
a Phillips CM200-FEG that was operated at 200 keV in bright-field mode. Micrographs were
collected using an ORIUS CCD Model 831.P2020 camera (Gatan, Inc.). Samples of SiO,
nanoparticles were prepared by drop casting nanoparticle dispersions in either methanol or THF
onto carbon-coated TEM grids. The nanoparticle dispersions were made by hand mixing SiO,
powder in the desired solvent, then dispensed using a micropipette. TEM on the nanocomposite
samples was performed on a JEM-2100F TEM (JEOL USA, Inc.) operated at 200 kV
accelerating voltage. Bright field images were captured using an ORIUS SC1000 CCD camera
(Gatan, Inc.) on 200 nm thick, 100-200 um wide sections microtomed at -40 °C using a Leica
UCT7 cryo-ultramicrotome.
Small-Angle X-ray Scattering

SAXS data were collected on the combined ultra-small-angle X-ray scattering (USAXS),
SAXS, and wide-angle X-ray scattering (WAXS) instrument at the Advanced Photon Source
(APS) of the Argonne National Laboratory (Lemont, Illinois, USA). The instrument has been
described in detail elsewhere, and was used in the standard instrumental configuration.’” The
incident photon energy was 21 keV, giving a wavelength (L) of 0.5904 A. Raw data were
corrected for instrument background, sample transmission, and detector solid angle, and scaled

10
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to absolute intensity. The combined data span an angular range of ¢ = 0.000114 A-! to 1.723 A1,
where ¢ is the magnitude of the scattering vector, defined as (4m'sin(0)/A), where 20 is the
scattering angle. All data corrections, manipulation, and analysis were performed using Igor Pro
v7 (Wavemetrics, Inc.) and procedures developed at the Argonne National Laboratory and the
National Institute for Standards and Technology for this purpose.38-60
Thermal and Mechanical Analysis

The glass-transition temperature (T,) was characterized using differential scanning
calorimetry (DSC, Q2000, TA Instruments). Samples of 4—6 mg were sealed into aluminum
sample pans. The samples were subjected to a heat—cool—heat process from —90 °C to 200 °C
with heating rates of 5 °C/min and a cooling rate of 10 °C/min. The midpoint T, was determined
using the T, function built into TA Instruments” TRIOS 5.1.1 software. An Instron E3000 was
used to perform compression testing of the nanocomposites. A fresh, dry sample was used for
each test. The samples were cut into rectangles and then compressed at a strain rate of 0.1500
mm/min at 23 °C until the sample integrity was compromised. Dynamic mechanical analysis
(DMA) was performed to characterize the viscoelastic behavior of the material with a Discovery
HR-2 hybrid rheometer (TA Instrument) in tension mode at from -80 °C to 120 °C with heating

rates of 3 °C/min and a frequency of 1 Hz.

Results and Discussion

Synthesis and Characterization

Photocurable acrylates have been used in dentistry and other applications because of the fast-
curing kinetics, favorable viscoelastic properties, and the ability to tune color. Scheme 1a shows
the reaction pathway to cure an oligomeric diacrylate (PEGDA) using a photoinitiator. The

addition of functionalized nanoparticles introduces a new type of interaction in the matrix that
11
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allows for covalent bonds to form between the surface groups on a nanoparticle and a PEGDA
monomer. This synthetic route, for both MA-SiO, and V-SiO, nanoparticles, is illustrated in
Scheme 1b and Scheme 1c¢, respectively. The manufacturer reported the nanoparticle diameter
as 100 nm for all surface chemistry. The insertion of functionalized groups on the nanoparticle
surface enables material characteristics that can more precisely alter the molecular weight

between crosslinks as well as maintain a high gel fraction because the fillers now participate in

e

the crosslinking rather than inhibit it.

a)

0 o]
0 DMPA, hv o\/~]\
0 | 0
0

7,

g,
|

c)
e O
2 /\g[o\/-]ao)lm DMPA, hv O\/‘];O)I\g
o}

Scheme 1. Cross-Linking Reaction by DMPA under UV Light of a) PEGDA, b) PEGDA with
MA-Si0O, and ¢) PEGDA with V-SiO,.

b)
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Page 12 of 42



Page 13 of 42

Soft Matter

V-Si0, and MA-SiO, nanoparticles were added at various weight fractions and the
PEGDA oligomers were cured. The gel fractions of the nanocomposites were measured at each
nanoparticle concentration. As discussed in our previous study, the unfunctionalized SiO,
nanoparticles cause a decrease in the gel fraction with the addition of 3.8, 7.4, and 10.7 wt%.*
However, further addition of nanoparticles to achieve 13.8 wt% resulted in no statistically
significant changes.** Unlike the unfunctionalized SiO, nanoparticles, the increasing weight
fractions of V-SiO, and MA-SiO, do not cause a decrease in gel fraction. Figure 2 demonstrates
that the gel fraction for MA-SiO, stays constant with an increase in nanoparticle loading (at
~97%) and the differences between gel fraction at the varying MA-SiO, loadings are not
statistically significant with a p-value >0.05. This suggests that the MA-SiO, nanoparticles do
not hinder the crosslinking reaction as the loading is increased, supporting the idea that the MA-
Si0, particles participate in the polymerization. While the PEGDA content is diluted in the
composite due to the addition of nanoparticles, the gel fraction does not change significantly.
This means that the particle-monomer crosslinks are compensating for the loss in monomer-
monomer crosslinks. The trend for the V-SiO, composite series was slightly different. The
addition of 3.8 wt% V-Si0O, causes an initial decrease in gel fraction to ~95%. This reduction in
gel fraction suggests that V-SiO, initially inhibits cross-linking by potentially scavenging
radicals and/or limiting monomer diffusion. We hypothesize that the addition of nanoparticles
inhibits light penetration to the entire composite resin and produces isolated or localized
networks, which results in a lower gel fraction at the lowest nanoparticle loading.6!-%> Further
increases in V-Si0, nanoparticles (e.g., 7.4 and 10.7 wt% of V-Si0,) cause an increase in the gel
fraction, suggesting that the functional end groups contribute to the polymerization at the higher

loadings more than they inhibit it. In other words, since there is a higher reactive group
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concentration at higher loadings (i.e., methacrylate and/or vinyl groups), the hampered
crosslinking seen at low loadings was overcome. Once the weight fraction of V-SiO, exceeds

10.7 wt%, no statistically significant change in gel fraction is observed with a p-value >0.05.

m Si0,* m MASIO, mV-Sio,

* %

okl

—_ * %
£ 100 | en| |
s
g
£ 95 -
T
O

90 -

0 3.8 7.4 10.7 13.8

Nanoparticle Concentration (wt%)
Figure 2. Gel fraction of PEGDA networks with varying MA-SiO, and V-SiO, weight fractions
in comparison to unfunctionalized** SiO,. Error bars represent the mean of 3 replicates + one
standard deviation. Statistically significant changes are denoted by **.

Thermal analysis using TGA was performed to determine the thermal stability and
quantitatively measure the nanoparticle loading in the nanocomposites (Figure 3). A single
decomposition step was revealed at ~360 °C for both the V-SiO, and MA-SiO, loaded
nanocomposites. For V-SiO, loaded composites, sharp weight losses of 90.1, 86.9, 85.5, and 84.5
wt% were observed as the loading of nanoparticles increased from 3.8 to 13.8 wt%. For the MA-
Si0, loaded composites, sharp weight losses of 90.1, 87.7, 84.7, and 83.5 wt% occurred as the
loading of particles increased from 3.8 to 13.8 wt%. The sharp decomposition step is attributed
to the degradation of PEG polymer matrix. The nanoparticles concentrations were calculated for
each sample series accounting for the char weight of the PEGDA matrix. It was estimated that
the MA-SiO, nanocomposite series had weight percentages of 3.8, 6.1, 9.0, and 11.5 wt% for the
3.8, 7.4, 10.7, and 13.8 wt% samples, respectively. The weight percentages were 3.2, 5.8, 8.1,

and 8.2 wt% for the 3.8, 7.4, 10.7, and 13.8 wt% V-SiO,-loaded nanocomposite samples,
14
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respectively. These TGA data confirm the increasing trend in nanoparticle loading across each
nanocomposite series. However, it is noted that the 10.7 and 13.8 wt% V-Si0O, nanocomposite
samples have nearly identical degradation curves, resulting in similar calculated weight fractions
of 8.1 and 8.2 wt%. We posit that this is due to the composite reaching its solubility limit causing
the nanocomposite to exceed the threshold in which it can support nanoparticles. This

phenomenon is corroborated in TEM data to follow.

100 100

‘\\ — | 12;\‘_‘\—
a 12 b ol
80 ) BE*D 80 ) 8]
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—_ i _ o)
£ 60 S~ 1 £ 60] e |
= . € ]
% o sk S0, ek .% % a0 tsou‘ Cs)zo
rature ‘emperature (
= 40 = 40
— 13.8 wt% MA — 13.8 wt% V
10.7 wt% MA 10.7 wt% V
20 4 7.4 wt% MA 20 4 7.4 wt% V
— 3.8 wt% MA —38wt% V
— 0 wt% MA —O0wt%V
0 T T T T T 0 T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Temperature (°C) Temperature (°C)
Figure 3. TGA thermograms showing weight loss from thermal decomposition of the a) MA-
Si0; loaded and b) V-SiO, loaded PEGDA nanocomposites.

Composite Morphology

The cross-section morphologies of both MA-SiO, and V-SiO, nanocomposites (Figure
4) were examined using SEM. In general, the MA-SiO, nanocomposites exhibited good
nanoparticle dispersion at all concentrations. Qualitatively, the concentration of dispersed MA-
Si0O, nanoparticles increased as the weight fraction increased. Aggregates 1-3 um in diameter
were observed at all concentrations, with a slight increase in the number of aggregates observed
with increasing NP content. The V-SiO, nanocomposites were observed to contain large
aggregates many microns in size at all NP concentrations, beginning with the initial introduction

of 3.8 wt% nanoparticles. With further addition (>3.8 wt%) more aggregation and larger
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aggregates were observed. It was noted that the V-SiO, composites have fewer dispersed
nanoparticles. The micrographs highlight the non-porous nature of the nanocomposites,
indicating that residual solvent from the preparation process was not present. Images of the
surfaces of all the composites (see examples in Figure S2) revealed a surface layer of

nanoparticles, suggesting incomplete dispersion at all concentration levels.

Figure 4. Cross-sectional SEM images of the series of composites with A) 3.8 wt%, B) 7.4 t%,
C) 10.7 wt%, and D) 13.8 wt% MA-SiO, as well as E) 3.8 wt%, F) 7.4 wt%, G) 10.7 wt%, and
H) 13.8 wt% V-SiO..

16
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Figure 5. TEM micrographs of the composites having A) 3.8 wt%, B) 7.4 wt%, C) 10.7 wt%,
and D) 13.8 wt% MA-SiO; as well as E) 3.8 wt%, F) 7.4 wt%, G) 10.7 wt%, and H) 13.8 wt% V-
Si0,. Images B, C, and D have been scaled to match the magnification of image A. Images F
and G have been scaled to match the magnification of image E. Image H is enlarged to illustrate
the bimodal size distribution of nanoparticles in the V-SiO, samples.

Figure 5 shows representative TEM micrographs for all eight composite compositions.
Micrographs from the MA-SiO, composites are shown in images A-D, while those from the V-
Si0, composites are shown in images E-H. Nanoparticle content increases moving from left to
right in the figure, as loading increases from 3.8 wt% to 13.8 wt%. The TEM data show that, in
general, the MA-Si0, nanoparticles are dispersed very well throughout the composition range,
although small aggregates were observed in all four samples. The MA-SiO, nanoparticles

appear to be roughly 100 nm in diameter. In contrast, the TEM data showed that the V-SiO,

17
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composites all contained very large aggregates, such as the one shown in Figure SF. These
aggregates were often many microns in size. Although the overall content of SiO, nanoparticles
increased with loading up to a concentration of 10.7 wt% V-SiO, (as noted in the TGA data), the
loading observed outside of the aggregates was significantly lower than that observed for the
samples containing methacrylate-functionalized nanoparticles, consistent with the formation of
the large aggregates. The TEM data also corroborate the solubility limit that was projected in the
TGA results as severe aggregation was observed in the 13.8 wt% V-SiO, sample. To illustrate
nanoparticle size, Figure SH is presented at a higher magnification and shows not only large V-
Si0,; particles approximately 90 nm in diameter, but also numerous small nanoparticles roughly
15 nm in diameter. This suggests the vinyl-functionalized nanoparticles have a bimodal size

distribution.

| 1
3.8 wt% MA-Si02 _|
7.4 wt% MA-Si02
10.7 wt% MA-Si02
13.8 wt% MA-Si02 ]

Intensity [cm ']

0.001 0.01 0.1 1

-1
q[A]
Figure 6. SAXS data for the MA-SiO, nanocomposites with varying concentrations of MA-
Si0,.

Figure 6 shows the SAXS collected for the four samples containing the MA-SiO,
nanoparticles, with several distinct features visible. First, at the very lowest angles power law

18
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scattering is observed with intensity scaling roughly as ¢, indicating the presence of very large
features in the sample with relatively rough edges.®*%* This is consistent with the presence of
micron-sized aggregates such as those observed in the SEM data (Figure 4). Atomic force
micrographs (see Figure S8) show large aggregates with surface roughness on the order of 100
nm that would produce Porod Law scattering where intensity scales as q3.% Beginning at g =
0.001 A-! and extending up to ¢ = 0.1 A-!, the data show form factor scattering comprising a
large primary feature, commonly called the Guinier “knee,”%® and a series of well-defined peaks
decreasing in intensity with increasing g. This scattering is analyzed below. Finally, at higher
angles, a weak polymerization peak was observed at ¢ ~ 0.4 A-! and the amorphous halo is
clearly visible at ¢ =~ 1.5 A-1.63 The overall scattering intensity is observed to increase with

increasing SiO, nanoparticle content, as expected.

8 reEE——— | T T
7 ® 3.8 wt% V-Si02
10° R Bt bl B 7.4 wt% V-8i02 —

10.7 wt% V-Si02
13.8 wt% V-5i02 —

Intensity [cm ']
!

0.001 0.01 0.1 1

Figure 7. SAXS data for nanocomposites containing varying concentrations of V-SiO,.

Figure 7 shows the SAXS data collected for the V-SiO, composites containing

increasing loadings of V-SiO, nanoparticles. Notable differences to the data in Figure 6 can be
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observed. First, the lowest ¢ data show a power law dependence of ¢*, rather than the g3
dependence observed for the methacrylate-functionalized samples, indicating the presence of
large features with smooth surfaces. This change is consistent with the observation of aggregates
comprising a bimodal distribution of nanoparticles such as shown in Figure SH, with the smaller
NPs filling the gaps between larger particles to create a relatively smooth particle surface (see
also AFM images in Figure S8) . Second, the first part of the form factor scattering observed
between ¢ =~ 0.002 A-! and 0.03 A-! appears to decrease linearly into a sharp drop in intensity
around ¢ =~ 0.008 A-!, rather than the plateau and then smooth drop seen in Figure 6. This drop
is followed again by several peaks, but then a second Guinier knee feature is observed around ¢
~ 0.05 A-l. This feature is followed then by the same combination of the weak polymerization
peak and amorphous halo seen for the MA-SiO, composites, originating from intermolecular and
intramolecular scattering from the PEG matrix.%

The SAXS data were analyzed starting with the understanding that an amorphous
polymer had been modified with a particulate material with particle sizes around 100 nm. The
analysis of nanocomposites of this type is well established, and SAXS is a primary tool for
characterization of these materials because it provides information on both the additive and the
dispersion of the additive in the bulk.6’% Scattering from disordered two-phase materials is the
combination of form factor scattering, P(q), which is a function of the shape of the particles, and
structure factor scattering, S(g), which is due to interparticle interference, as described in

Equation 3, where N is the number of scattering objects or domains.

I(q) = NP(q)S(q) = NB*(q) 3)

In the case of dilute scattering domains, the structure factor becomes 1. Furthermore, P(g) is the

square of the scattering amplitude, B(g), which is the Fourier transform of the scattering length
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density, p, throughout the particle, as given in Equation 4. Here r is the correlation length in real

space and p, is the mean scattering length density throughout the sample.”®

sin gqr

B(q) = 47Tf30[P(T) — pol—; r2dr ()

As the concentration of particles or domains increases, interparticle scattering begins to affect the

measured scattering. The effects of these interactions on the measured intensity can be modeled

using the Percus-Yevick hard sphere structure factor.”!

108 BLRRLLL BELBLEALLL BLELRLLLL I

© 3.8 wt% MA-SIO2_| B O 13.8 wt% MA-SIO2_|

C O 13.8wt% V-Si02_|
- Model 1

- Model

10 = A " — Model

- Model 2

Intensity [cm'1]

2 4 6

48 2 48 2 4086 2 2 48 2 46 2 2 4686 2 46 2 4686
0.001 0.01 0.1 0.001 0.01 01 0.001 0.01 01

-1 -1 -1
alA] alA] alA ]
Figure 8. SAXS data for nanocomposites containing A) 3.8 wt% methacrylate-functionalized
Si0,, B) 13.8 wt% methacrylate-functionalized SiO,, and C) 13.8 wt% vinyl-functionalized
Si0,. The results of model fitting to the data are shown in red and blue.

Figure 8 shows the results of least squares fitting of form factor scattering for the
samples containing 3.8 wt% MA-SiO,, 13.8 wt% MA-SiO,, and 13.8 wt% V-SiO,. For all
modeling, a power law was used for the low-¢q data, and two peaks were used to account for the
polymer scattering at high ¢ (not shown). The middle region of the SAXS data was fit with

combinations of form factor scattering from spherical particles and the Percus-Yevick hard
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sphere structure factor. For the data from the 3.8 wt% MA-Si0, sample (Figure 8A) and the
13.8 wt% MA-Si0, sample (Figure 8B), the model scattering includes form factor scattering for
a sphere 104 nm in diameter with a standard deviation of 5.9 nm. For the 3.8 wt% MA-SiO,
loading, no evidence of interparticle scattering is seen, and the data are fit well using the form
factor only. As the loading of silica nanoparticles increases, the shape of the Guinier knee
between ¢ = 0.001 A-! and 0.01 A-!, gradually changes due to increased interparticle scattering,
as can be seen in Figure 8B and in Figure 6. This change is captured well by the addition of the
hard sphere structure factor.

Figure 8C shows the scattering and model fit for the nanocomposite containing 13.8 wt%
V-SiO,. As was noted in the TEM data (Figure 6), not only did the samples containing this
nanoparticle show large scale aggregates, but they also showed the presence of smaller particles
approximately 15 nm in diameter. The model fits to the SAXS data reported in Figure 7 bear
out these two observations. First, the power law behavior at the lowest angles shows a power
law dependence of ¢, indicative of a well-defined matrix-particle interface. Such an interface
could be formed in aggregates of large and small particles, where the small particles fill voids
between large particles. AFM data collected on a large aggregate in V-SiO, composite (see
Figure S8) shows this kind of surface. Second, fitting the general shape of the form factor
scattering in the Guinier region is not possible with only form factor scattering from large
nanoparticles. The model fit shown in red in Figure 8C combines form factors for both large
nanoparticles (93 nm diameter, 8.1 nm standard deviation) and small nanoparticles (12 nm
diameter, 2.6 nm standard deviation). This model successfully captures the form factor fringes
for the large size distribution, and the Guinier knee present at q =~ 0.04 A-! (black arrow), but not

the scattering observed in the Guinier region of the large nanoparticles. An improved fit (blue
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trace in Figure 8C) to the unusual scattering in the Guinier region of the large nanoparticles was
obtained by adding scattering from a third population of nanoparticles, having the same size
distribution as the large nanoparticles (93 nm diameter) but including structure factor scattering.
This improves the fit in the Guinier region with the exception of a sharp correlation peak at g =
0.007 A-l. Although this fit is imperfect, it suggests that the observed scattering is a complex
combination of scattering from not only the two different nanoparticle sizes and distributions, but
also interparticle scattering and scattering from the aggregates. A table of the fitting parameters

for all samples is included in the SI.

Thermal and Mechanical Analysis of the Composites

Water uptake experiments were conducted to probe the composite hydrophilicity and
swelling behavior as a function of nanoparticle concentration. Given hydrophobicity of silica,
there was a concern that this hydrophobic property might translate over to the composite as a
whole. The results depicted in Figure 9 demonstrate that the hydrophilic nature of the composite
is not dependent on the loading of nanoparticles for both Ma-SiO, and V-SiO,. The water uptake
percentage does not significantly change as the loading of nanoparticles increases. Similarly,
these data suggest that the swelling behavior of the network does not vary significantly with
nanoparticle concentration. This suggests that the hydrophobic nature of silica does not

considerably impact the water uptake capabilities of PEGDA.
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Figure 9. Water uptake measured gravimetrically at various nanoparticle weight percentages of
Si0,,* MA-Si0,, and V-SiO,. Error bars indicate the mean + one standard deviation.

The glass transition temperature (T,) was analyzed for each composite to elucidate the
effects of the nanoparticle concentration on the composite thermal properties. For both series of
nanocomposites, the loading of nanoparticles did not induce a statistically significant change in
T, (Figure 10). The composites containing MA-SiO, consistently display a higher T, than the
PEGDA network without any added nanoparticle. The initial addition of MA-SiO, particles
causes a ~2 °C increase in T,. From there, the T, does not fluctuate more than 1 °C overall with
further addition of MA-SiO, particles. For V-SiO, nanoparticles, the T, decreases by ~1 °C with
the initial incorporation of 3.8 wt% nanoparticles. With the addition of >7.4 wt% nanoparticles,
the T, steadily increases to -20.8 °C. These data corroborate the gel fraction data, wherein the
initial addition of V-Si0O, nanoparticles decreased gel fraction while further additions >7.4 wt%

increased the gel fraction.
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Figure 10. Glass transition temperature measured by DSC at varying nanoparticle weight
percentages of Si0,,* MA-SiO,, and V-SiO, nanoparticles.

Further thermomechanical characterization was conducted by measuring storage modulus
versus temperature through DMA experiments (Figure 11). The DMA curves reveal
characteristic thermoset behavior with a glassy plateau at low temperatures, a single step-change
in modulus as the temperature passes through the composite T,, followed by an extended rubbery
plateau. The storage modulus in the glassy plateau is on the order of ~1 GPa for all of the
samples with no distinct trends for increasing nanoparticle concentration. The rubbery plateau
modulus ranges from ~10—40 MPa for all of the samples. Interestingly, the MA-SiO, composites
displayed a relatively small range of rubbery plateau moduli, while the V-SiO, composites
showed large variations in rubbery plateau moduli. Both composite series exhibit a decrease in
plateau modulus upon the initial addition of nanoparticles, which is attributed to the decrease in
gel fraction noted above. For the V-SiO, composite series, the initial dip in modulus is more
drastic than the MA-SiO, series caused by a more substantial decrease in gel fraction for the V-
Si0, composite. For both sample series, the rubbery plateau modulus increased up to a
nanoparticle concentration of 10.7 wt%, but further addition to achieve 13.8 wt% caused a

decrease in the rubbery plateau modulus. Next, the storage modulus at 20 °C was extracted and
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used to calculate the molecular weight between crosslinks (M.) using the theory of rubber
elasticity.”>”7* As seen in Table 1, the sample containing no nanoparticles has a M, of 96 g/mol,
which is less than the molecular weight (575 g/mol) of the pure PEGDA. The shorter M, is a
result of the noncovalent interactions (hydrogen bonding, dipole-dipole bonds, induced dipoles,
etc.) that occur in addition to the covalent crosslinking reaction as seen in other studies from
Wang et al., Long et al., and Xue et al.”>-77 Table 1 also reveals that for both MA-SiO, and V-
Si0, nanocomposite series, the M. gradually decreased with higher loadings of nanoparticles
until the weight fraction reaches 10.7 wt%. Thereafter, the molecular weight increases with the
addition of 13.8 wt%. The general decrease in M, is attributed to the covalent bonds formed
between the functional end groups on the nanoparticles and the PEGDA monomer. The increase
in M, at 13.8 wt% is predicted to be due to reaching a percolation threshold wherein nanoparticle
aggregation begins to occur. Additionally, it was noted that the MA-SiO, nanocomposites
possess lower Ms compared to the V-SiO, nanocomposites, allowing us to infer that there are

more crosslinks in the thermoset creating a tighter network.
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Figure 11. Storage modulus (E’) versus temperature measured by DMA at varying nanoparticle
weight percentages of a) V-Si0, and b) MA-Si0,.

Table 1. Summary of T, measured by DSC and DMA, E’ at 20 °C, and M, for both MA-SiO,
and V-SiO, loaded composite series.

Functionalized MA-SiO, V-SiO,
Nanoparticle
Concerl)ltration DSC DMA E ? t Calculated | DSCT DMA E f t Calculated
(Wi%) T, Te  20°C \ amoly | oy Te 20°C i (a/mol)
W) O (MPa) ‘ 6  (MPa) ‘
0 -22.6 -15.5 28.3 96 -22.6 -15.5 28.3 96
3.8 -20.8 -18.9 24.2 113 -23.1 -18.9 9.8 277
7.4 -22.0 -17.4 28.9 94 -22.3 -18.1 19.9 137
10.7 -20.9 -18.1 32.6 84 -22.0 -18.7 304 90
13.8 -20.1 -18.5 28.8 95 -20.8 -18.7 27.2 100

The mechanical properties of the nanocomposites were further probed using static strain

rate compression tests. From the stress-strain curves, the Young’s modulus (Figure 12a), the

ultimate compressive stress (Figure 12b), and the ultimate compressive strain (Figure 12¢) were

determined. The slopes of the stress-strain curves at low values of strain were fit to ascertain the

Young’s modulus. First, the addition of both V-SiO, and MA-SiO, nanoparticles dramatically

improved the mechanical properties of the composite relative to the unfunctionalized SiO,. This
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further corroborates our prediction that the nanoparticles are chemically reacting with monomers
to form crosslinks. Moreover, the Young’s modulus of the composite was impacted by the
loading of nanoparticles.

For the V-SiO, nanoparticles, the Young’s modulus exhibits a statistically significant
increase with the addition of particles until a concentration of 10.7 wt% is achieved. The data
suggests that 10.7 wt% V-SiO, is the threshold for the composite in terms of mechanical
properties, because >10.7 wt% induces a plateau in the modulus. Similarly, the MA-SiO, series
displays a statistically significant trend in Young’s modulus increase up to a nanoparticle
concentration of 10.7 wt%. The MA-Si0, nanocomposites reach a threshold of ~325 MPa for the
Young’s modulus at 10.7 wt%, and then do not change significantly with further addition of
particles (13.8 wt%). Without the presence of particle-monomer crosslinks, there is no other
explanation for this dramatic increase in Young’s modulus and ultimate compressive stress.

A similar trend is seen in the ultimate compressive stress (Figure 12b) as the
nanocomposites containing V-SiO, reach a threshold of ~54 MPa at 10.7 wt%. Once 10.7 wt%,
is achieved, the V-SiO, nanoparticles no longer elucidate stronger mechanical performance of the
composite as there is no statistically significant change in the ultimate compressive stress. For
the ultimate compressive stress of MA-Si0, nanocomposites, the mechanical strength reaches a
maximum at 7.4 wt% with a value of ~74 MPa. With further addition of MA-Si0O; nanoparticles
(>7.4 wt%), the ultimate compressive stress did not incur any significant changes. Having more
nanoparticle-monomer crosslinks contributes to a shorter M., which causes the stiffness of the
composite to increase.’”? Thereby, the MA-SiO, nanocomposites reach their ultimate compressive
stress threshold at a lower concentration. Wang et al. observed a similar phenomenon in which

an increased crosslink density contributed to a higher storage modulus despite a relatively
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constant T,.”?> This also explains why the storage modulus and ultimate compressive stress of the
composites containing MA-SiO, are generally higher than that of the V-Si0,.

The ultimate compressive strain at fracture was determined for each composite sample.
Upon running statistical analysis for both composite series, it was found that both the MA-SiO,
and V-SiO, containing samples exhibited no significant changes in ultimate compressive stress
as a function of nanoparticle concentration. While the trend may not be statistically significant,
the V-SiO, loaded samples did show a gradual increase in ultimate compressive stress with
increasing nanoparticle concentration until the threshold of 7.4 wt% V-Si0, nanoparticles was
achieved. Thereafter, the ultimate compressive stress decreases with further loadings (>7.4 wt%).
These findings are in line with the DMA results that showed no clear trend in the Mc values as a

function of nanoparticle loading for either nanoparticle additive.
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Figure 12. (a) Young's modulus, (b) ultimate compressive stress and (c) ultimate compressive
strain, as a function of nanoparticle concentration (wt%) for SiO,,* MA-SiO,, and V-SiO,. The
data shown are the mean of four independent samples and the error bars represent the standard
deviation of the data collected.

Table 2. Summary of Gel Fraction, Water Uptake, Young’s Modulus, and Ultimate Compressive
Stress and Strain the MA-SiO; loaded nanocomposite series. The data shown are the mean of
four independent samples and the error bars represent the standard deviation of the data
collected.

MA—Sin Gel Fraction Water Young’s Ultimatc? Ultima‘@
Nanoparticle (%) Uptake Modulus Compressive Compresswe

(Wt%) (%) (MPa) Stress (MPa) Strain (%)

0 98.0+£2.3 36.9+4.7 23.6+5.9 35+09 42.8 £4.7

3.8 973+£2.2 358+2.6 1193+£350 47.0+£10.8 41.5+£5.2

7.4 974+ 1.8 341+1.8 2254+104 73.6+10.7 45.7+6.8

10.7 96.4+1.4 33.5+0.8 323.7£51.6 61.9+0.5 454+45

13.8 98.2+1.0 329+£34  299.2+32.8 62.8£6.6 43.0+5.5

30

Page 30 of 42



Page 31 of 42

Soft Matter

Table 3. Summary of Gel Fraction, Water Uptake, Young’s Modulus, and Ultimate Compressive
Stress and Strain the V-Si0O, loaded nanocomposite series. The data shown are the mean of four
independent samples and the error bars represent the standard deviation of the data collected.

V—SiOg Gel Fraction Water Young’s Ultimate; Ultimate?
Nanoparticle (%) Uptake Modulus Compressive Compresswe
(Wt%) (%) (MPa) Stress (MPa) Strain (%)
3.8 949+ 1.0 39.0+42 112.3+£28.6 16.3+54 49.1+5.3
7.4 96.5+0.9 402+29 117.8+12.9 242 +33 54.1+£5.5
10.7 99.8+0.5 352+6.0 236.5+13.9 542+73 44.1+£4.0
13.8 96.6 +2.6 348+3.7 185.1+6.5 422 +6.6 393 £1.5
Conclusions

PEG nanocomposites containing V-SiO, and MA-SiO, nanoparticles demonstrate
promising characteristics for bioengineering, advanced manufacturing, and multifunctional
materials. The introduction of higher concentrations of V-SiO, contributed to an increased gel
fraction and generally higher Young’s modulus and ultimate compressive stress. MA-SiO,
induced no significant changes in gel fraction with varying particle loading but did cause a
general increase in Young’s modulus and ultimate compressive stress. While both series caused a
dramatic increase in Young’s modulus and ultimate compressive stress compared to the
unfunctionalized Si0O,, each series reached an ultimate compressive stress threshold at different
nanoparticles concentrations. For V-SiO,, the maximum ultimate compressive stress was
observed at 10.7 wt%, while the MA-SiO, reached its threshold at a lower concentration of 7.4
wt%. This is predicted to be a result of a shorter molecular weight between crosslinks in
composites containing MA-SiO,, which thereby causes an increase in storage modulus. For both
series, the water uptake experiments revealed no statistically significant changes in swelling as
function of particle concentration. A similar trend was observed for the T, of both composite

series.
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Morphological characterization by SAXS, TEM, and SEM revealed complex behavior
dependent both on surface chemistry and on nanoparticle size distribution. When 104 nm
diameter SiO, nanoparticles were functionalized with the methacrylate ligand, although small
aggregates were observed, dispersion was generally good at all loading levels. When
nanoparticles having a bimodal size distribution of 93 nm and 12 nm particle diameters were
functionalized with a vinyl-based ligand, nanoparticle dispersion in the PEG matrix was
generally poor, with large, dense aggregates observed frequently. These results underscore the
potential for using similar chemistries on the surface of nanoparticles and in the matrix to
improve nanoparticle dispersion in nanocomposites. In summary, nanocomposites containing V-
Si0, and MA-Si0O, nanoparticles gives way to an increase in resolution and range of properties
that can be selected when creating a tunable and multifunctional material. The results found in
this study demonstrate the material’s tunability and its applicability to be used in 3D-printed and

hierarchical assemblies.
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Supporting Information

Additional details on equilibrium times for water uptake, cross-section SEM images, DSC
thermograms, tan delta DMA curves, representative stress-strain curves, and AFM images.
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