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Abstract

Poly(2-hydroxyethyl methacrylate-silica) hybrid materials with significantly lower volume shrinkage were synthesized by using acid-catalyzed
sol—gel reactions of tetraethyl orthosilicate and free radical polymerization of 2-hydroxyethyl methacrylate (HEMA). The mechanical, thermal, and
optical properties and internal porosities of the poly(HEMA-silica) hybrids with different silica contents (e.g., 15, 25 and 30 wt%) were evaluated
with the use of nanoindentation, microscratch, thermogravimetric analysis, differential scanning calorimetry, dynamic mechanical analysis, UV—
vis spectrophotometer and N, adsorption—desorption method. A silica percolation threshold was found at around 20—25 wt%, beyond which
a marked increase in the poly(HEMA-silica) hybrid hardness and modulus was observed as compared to pure poly(HEMA). Nanoindentation
and scratch testing measurements also for the first time were introduced in characterizing poly(HEMA-silica) hybrid materials.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Sol—gel technology is the most common route for the
synthesis of inorganic—organic hybrid materials. A number of
organic polymers have been incorporated into silica or other
metal oxides (with or without covalent bonding) through the
sol—gel procedure. Numerous articles, reviews and books
have been published related to inorganic—organic hybrid ma-
terials [1—12]. There are several strategies in the synthesis of
hybrid polymers via sol—gel techniques [13]. One of the strat-
egies involves the simultaneous growth of the inorganic phase
via acid- or base-catalyzed hydrolysis and condensation of
alkoxysilane precursors and the polymer phase via free radical
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polymerization of vinyl monomers in a common solvent. This
is followed by co-condensation of the two phases and slow
removal of solvent to obtain the final hybrid nanocomposite
materials. However, hybrids obtained from traditional sol—
gel synthesis techniques have high volume shrinkage (e.g.,
50—75%) [14], which is associated with the removal of large
amounts of solvents and by-products from hydrolysis and con-
densation reactions (e.g., water and alcohol). As a result of
high volume shrinkage, the final shape and dimension of the
organic—inorganic hybrid monolith cannot be controlled. Fur-
thermore, the stress induced by the volume shrinkage often
causes the monolith to crack or break. These problems se-
verely limit the fabrication of large, thick organic—inorganic
hybrid objects via conventional casting methods.

In fact, the organic—inorganic hybrid materials with excel-
lent properties have been demonstrated as a type of promising
materials in many applications. One of challenges in non-blend


mailto:weiyen@drexel.edu
http://www.elsevier.com/locate/polymer

S. Li et al. | Polymer 48 (2007) 3982—3989 3983

hybrid process is the volume shrinkage that comes from sol—gel
process and polymerization of vinyl monomers. A lot of remark-
able works and technologies have been done in different hybrid
systems in order to overcome this problem. For instance, Yeh
et al. [15] reported the effect of baking treatment and materials’
composition on the properties of bulky PMMA-silica hybrid
sol—gel materials with low volume shrinkage. Wang and co-
workers [16] used SiH(OC,Hs); as a gel accelerant and got
transparent noncracking, high-purity silica gel monoliths with
a lower volume shrinkage. Frey and coworkers [17] synthesized
bismethacrylate-based hybrid monomers with pendant, con-
densable alkoxysilane groups and then formed the inorganic net-
works by sol—gel condensation of the alkoxysilane groups in the
presence of aqueous methacrylic acid. After photopolymeriza-
tion, the organic—inorganic hybrid materials have low volume
shrinkage in the range from 4.2% to 8.3%. Cho et al. [18] syn-
thesized various structures of siloxane-containing epoxy com-
pounds and polymerized these functional groups by rapid
cationic photopolymerization to obtain transparent hybrid mate-
rials with low volume shrinkage. Rao et al. [19] reported that
methyltrimethoxysilane was added in the sol—gel processing
of silica aerogels. The volume shrinkage of the transparent aero-
gels reached <5%. Although it will be desirable to further
reduce the volume shrinkage to values below 5% in the
poly(HEMA-silica) system, but it should be noted that 5—10%
volume shrinkage as reported has a remarkable improvement
in comparison with 50—75% for typical sol—gel processing.

Synthesis and evaluation of poly(HEMA-silica) hybrid
polymers have attracted tremendous research interest over the
years [20,21]. Hajji et al. [22] studied the synthesis—morphology—
mechanical property relationships of poly(HEMA-silica) nano-
composites using solid >°Si nuclear magnetic resonance (NMR)
spectroscopy, transmission electron microscopy (TEM), small-
angle X-ray scattering (SAXS) and dynamic mechanical
analysis (DMA) measurements. They also investigated the
strength of poly(HEMA-silica) coating using bending tests
[23]. Lin et al. [24] analyzed the chemical structure of
poly(HEMA-silica) using solid *°Si NMR, TEM and FESEM.
In addition, viscosity, particle size distribution and structure of
poly(HEMA-silica) during acid- and base-catalyzed sol—gel
process were studied by Huang et al. [25] using cone/plate
rheometer, DynaPro molecular sizing instrument, Oswald
capillary viscometer, Fourier transform infrared (FTIR) spec-
trometer, differential scanning calorimetry (DSC), thermo-
gravimetric analysis (TGA) and ultraviolet spectrophotometer.
In the mean time, morphology controlled syntheses were devel-
oped by using polymerizable templates to form self-assembly
of monomer-modified poly(HEMA-silica) nanoparticles [26]
and to fabricate nanoparticle—polymer hybrid nanofibers via
electrospinning [27].

Previously, our group [28] reported a convenient synthetic
route to prepare transparent poly(acrylic-silica) hybrid mate-
rials with low volume shrinkage of 6—20% that lessened the
above-mentioned problems. This methodology utilized com-
monly available sol—gel precursors such as tetraethyl orthosili-
cate (TEOS) and polar vinyl monomers such as 2-hydroxyethyl
methacrylate (HEMA). Poly(HEMA-silica) hybrid materials

were synthesized by three simultaneous reactions, namely: (1)
hydrolysis and condensation of tetraethyl orthosilicate to form
the silica phase, (2) condensation of the hydroxyl groups in sila-
nol with those in HEMA to form HEMA—silica bonds, and (3)
free radical polymerization of vinyl groups in HEMA-silica and
unbounded HEMA to form the interconnecting poly(HEMA-
silica) copolymers within the silica network. First, the hydroly-
sis and condensation reactions of TEOS (sol—gel reactions)
were allowed to proceed in the presence of HEMA until the
translucent mixture disappeared and a homogeneous solution
resulted. The silanol groups on the silicate colloids or hydro-
lyzed TEOS then reacted with the OH group on HEMA to
form the covalent linkage between the monomer and the inor-
ganic silicate component. At this stage, the free radical initiator
was dissolved in the solution and the reaction system was evac-
uated to remove the large amount of solvents present in the
reaction medium. The resultant non-volatile liquid was then
polymerized at increased temperature. The vinyl polymeriza-
tion proceeded simultaneously with the sol—gel reactions to
form the hybrid material with the organic—inorganic phases
existing as a molecular-level interpenetrating network. Poly-
(HEMA) was chosen as the matrix polymer because the
HEMA monomer is able to react with the silanol (SiOH) groups
in the silicate colloids or hydrolyzed TEOS. This approach has
also led to the exploration of new potential applications for
poly(acrylic-silica) hybrids such as dental restoratives or adhe-
sives and rigid, transparent polymer nanocomposites.

In the present work, we used the low volume shrinkage
sol—gel synthesis route to fabricate monolithic samples of poly-
(HEMA-silica) hybrids with various silica contents. Our goal
was to develop transparent organic—inorganic hybrid mate-
rials with enhanced resistance to abrasion and wear for use
either as bulk polymer sheets or as a hard abrasion-resistant
coating. Nanoindentation and microscratch measurements
can be used as a tool for an accurate estimation of mechani-
cal properties of organic—inorganic hybrids. A number of re-
search groups have successfully introduced nanoindentation
and microscratch techniques for their material characteriza-
tion [29—34]. To our knowledge, no reports so far illustrated
nanoindentation and scratch testing in poly(HEMA-silica) hy-
brid materials. Here for the first time we introduce both the
unique methods in hybrid materials’ characteristic measure-
ments. In addition, the optical transmittance, thermal proper-
ties and N, adsorption—desorption characterization of these
poly(HEMA-silica) hybrid materials were evaluated by using
UV—vis spectrophotometer and thermal analysis methods
(DSC, differential scanning calorimetry; TGA, thermogravi-
metric analysis; DMA, dynamic mechanical analysis) and
BET (Brunauer—Emmett—Teller) method.

2. Experimental section
2.1. Materials
Tetraethyl orthosilicate (TEOS, Aldrich), 2-hydroxyethyl

methacrylate (HEMA, Aldrich), tetrahydrofuran (THF, Aldrich)
and hydrochloric acid (HCI, Fisher) were used as received.
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Benzoyl peroxide (BPO, Aldrich) was recrystallized with
ethyl alcohol before use.

2.1.1. Synthesis of the hybrid materials

In general, TEOS, HEMA, distilled water, HCl and THF
were placed in a three-neck flask equipped with a condenser,
a magnetic stirrer and a nitrogen gas inlet—outlet. In a typical
procedure for the preparation of 25 wt% SiO, poly(HEMA-
silica) hybrid material, 52.083 g (0.25 mol) of TEOS and
45.068 g (0.346 mol) of HEMA were dissolved in 36.055 g
(0.50 mol) of THF at room temperature. Then, 18 g (1 mol)
of distilled water and 1.250 g of 2 M HCI were added to the
solution. Initially, the mixture was translucent and upon
stirring for about 15 min, it became transparent at room
temperature. The solution was refluxed at 70 °C for 2.5 h.
After the solution cooled to room temperature, 0.042 g
(0.017’ 1073 mol) of benzoyl peroxide (BPO) was added to
the solution and dissolved. The solvent (i.e., THF) and by-
products from sol—gel process (i.e., ethanol and water) were
removed via vacuum distillation at room temperature. The
vacuum distillation was stopped when the residue in flask
reached around 64 g without gelation, otherwise the gelation
happened below this value. The resulting transparent solution
was cast into cylindrical polyethylene molds (diameter: 0.8 in
and depth: 2 in) and placed in an oven at 80 °C for 12 h to
complete the polymerization.

2.1.2. Sample preparation

Cylindrical discs 0.25 in thickness were cut by electric
saw and the disc surfaces were polished with 60, 180, and
600 grit sand papers successively. They were then polished
with Lecloth and toothpaste (polishing agent) on a LECO pol-
ishing machine VP-160. A schematic of the cast cylinder
along with the typical discs cut from the cylinder is shown
in Fig. 1A. The nanoindentation and microscratch measure-
ments were performed on the optically clear surface of pol-
ished discs and thus represent the bulk properties of as-cast
hybrid samples.

2.2. Characterization and testing of poly(HEMA-silica)
hybrids

2.2.1. Optical analysis

Optical transmittance of poly(HEMA-silica) hybrid mate-
rials in the visible region was measured with a S2000 Minia-
ture Fiber Optic Spectrometer (Ocean Optics Inc., FL).

2.2.2. Thermal analysis

DSC, DMA, and TGA were used to determine the glass
transition temperature and thermal stability of poly(HEMA-
silica) hybrid polymers. Thermal stability measurements
were made in air with a TA 100 TGA equipped with TQ 50
module. Characterization of glass transition was performed
in nitrogen with a TA 100 DSC equipped with TQ 100 mod-
ule. The samples used in TGA and DSC were initially dried
at 60 °C in a vacuum oven for 60 h. After drying, the samples
were ground into powder and sieved through a 250 mesh sieve.

Testing
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Fig. 1. (A) Schematic representation of the sample dimensions of the cast
hybrid samples. (B) Pictures of polished poly(HEMA-silica) hybrid nanocom-
posite samples and Plexiglas® (PMMA) sample.

In a typical TGA test, the powder was first heated to 120 °C at
a rate of 10 °C/min and then held at 120 °C for 10 min. After
cooling to 40 °C, the powder sample was heated to 800 °C and
the weight of the residue was measured at 750 °C. In a DSC
experiment, the sample was heated from room temperature
to 150 °C and then cooled to 0 °C; it was then re-heated to
200 °C. The heating and cooling rates were 10 °C/min in all
instances. DMA was performed by using a Perkin—Elmer 7e
DMA wherein the sample was heated from 20 to 180 °C at
arate of 2 °C/min. The test was performed at a fixed frequency
of 1 Hz.

2.2.3. N, adsorption—desorption characterization

The poly(HEMA-silica) samples were ground and sieved
through a 40 mesh sieve, then the powder was degassed over-
night at 120 °C. The N, adsorption—desorption characteriza-
tion was conducted by a Micromeritics ASAP 2010 analyzer
(Micromeritics, Inc., Norcross, GA) at —196 °C (liquid
nitrogen).

2.2.4. Nanoindentation

The modulus and hardness of the poly(HEMA-silica) nano-
composites were determined with the use of nanoindentation
technique. The measurements were performed using Hysitron
TriboIndenter with a Berkovich tip (nominal radius of 50 to
100 nm). The frame compliance and area function calibration
of the tip were conducted with fused silica standard prior to
the testing of hybrid materials. Samples were tested at a
constant rate of 50 uN/s during loading and unloading. Three
different loads of 500, 1000, and 2000 uN were used in the
nanoindentation measurements.
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The modulus and hardness of the samples were calculated
from the unloading curve of the load—displacement plot.
The hardness of the samples is given by:

H:Pmax
A

where A is the area function of the Berkovich indentor deter-
mined in the calibration experiments. The effective modulus of
the samples was then calculated from the unloading stiffness
(slope of the unloading curve) and using Oliver and Parr equa-
tion [35]:

2
S= ﬂ\/—EEeff\/Z

where S is the unloading stiffness and E.¢ is the sample elastic
modulus.

2.2.5. Microscratch testing

Microscratch testing was performed with a Nano Scratch
Tester (model: NSTX, CSM Instruments Inc.) with a diamond
tip of radius 2 um (indenter type: Rockwell). A progressive
load scratch test was performed where the sample surface
was scratched at a constant displacement rate traveling in
the horizontal direction for a total length of 1 mm with load
level increasing from O to 100 mN. The final depth of the
scratch was approximately 10 pm.

3. Results and discussion

3.1. Synthesis of hybrid materials and physical
appearance

The synthesis resulted in the fabrication of completely
transparent hybrid materials with good dimensional stability
and low volume shrinkage during polymerization. This clearly
shows that our synthesis technique would allow for the
fabrication of thick monolithic organic—inorganic samples
by conventional cell casting, thus eliminating the drawbacks
associated with sol—gel synthesis such as excessive shrinkage
resulting from the need for removing the residual solvent.
Moreover, because of the lower volume shrinkage during cast-
ing, the induced stresses are significantly reduced and thereby
prevent crack formation during curing and post-cure annealing
processes.

Fig. 1B shows the excellent optical transparency of
polished poly(HEMA-silica) hybrid samples. A PlexiGlas®
(poly(methyl methacrylate)) sample is also shown in Fig. 1B
for comparison purposes. All poly(HEMA-silica) hybrid sam-
ples display excellent transmission, namely, 95% in the visible
region and are comparable to the acrylic polymer. The fact that
all the hybrid samples exhibit transparency equivalent to the
unfilled poly(HEMA) suggests that no precipitation of silica
occurred during the synthesis and that the size of the silica do-
mains in these hybrid polymers should be below 400 nm and
hence do not scatter visible light. This result is consistent
with earlier poly(acrylic-silica) hybrids synthesized via

a solvent-based sol—gel technique, indicating a molecular-
level linking of silica and HEMA [36].

3.2. Thermal properties

DSC measurements performed on the hybrid polymers
revealed that the poly(HEMA-silica) hybrid materials did
not have a significant glass transition temperature (7,) and
the T, of the baseline polymer, poly(HEMA), at about
102 °C (Fig. 2). This lack of observable transition in the
poly(HEMA-silica) hybrid samples is most likely attributable
to the influence of the crosslinking that occurs via cross-
polymerization of the growing poly(HEMA) polymer chains
with HEMA pendant groups on the silica structure formed
by the condensation of HEMA with the silica. As such, the
large-scale cooperative segmental motion of the polymer
chains is restricted. The resolution of DSC is limited to the
thermal conduction length in the order of 15—30 nm.

However, results of the DMA revealed that the glass transi-
tion was not completely suppressed in the hybrid samples
and was strongly influenced by the amount of silica in the
hybrid materials. The intensity of the tan § peak in all the
poly(HEMA-silica) hybrid polymers was reduced compared
to the poly(HEMA), which was consistent with the restriction
of polymer chain mobility observed in DMA (Fig. 3). The data
of DMA, a more sensitive method, showed that at low silica
contents (e.g., 15 wt%), there is a prominent tan 6 peak. How-
ever, the transition temperature occurred at a much lower tem-
perature than that of the poly(HEMA) (70 °C vs. 102 °C).
Habsuda et al. [37] obtained the similar results in DSC and
DMA measurements of the poly(HEMA-silica) system with
SiO, content <10 wt% derived from HEMA and silicic acid.
In our case, as the silica content was increased to 25 wt%,
the tan 6 peak became broad and further suppressed. In con-
trast, at 30 wt% silica of the sample exhibited a broadened
T, at about 100 °C. We postulated a mechanism for disrupting
the poly(HEMA) polymer entanglements through the incorpo-
ration of the silica phase at low silica contents. The silica
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04 : : : :
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Fig. 2. DSC plots of samples recorded at a heating rate of 10 °C/min. SiO:
poly(HEMA) as control; Sil5: poly(HEMA-silica), 15 wt% SiO,; Si25:
poly(HEMA-silica), 25 wt% SiO,; Si30: poly(HEMA-silica), 30 wt% SiO,.
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Fig. 3. Plots of tan ¢ against temperature in DMA measurements. Si0:
poly(HEMA) as control; Sil5: poly(HEMA-silica), 15 wt% SiO,; Si25:
poly(HEMA-silica), 25 wt% SiO,; Si30: poly(HEMA-silica), 30 wt% SiO,.

might function like “plasticizers” (particularly if the sol—gel
reactions are incomplete), leading to lowered T, values. When
the silica content was further increased to 30 wt%, crosslinked
silica might have formed (i.e., above the network threshold).
This would result in the observed increase in T, value at
high silica contents (e.g., 30 wt%).

In the DMA data (Fig. 4), we also saw a drastic increase of
the rubbery plateau (or post-T;) modulus of poly(HEMA-
silica) with increasing silica content. The 30 wt% silica sam-
ple exhibited an almost two-order magnitude higher storage
modulus than that of the poly(HEMA), further indicating the
formation of a glass-like, crosslinked poly(HEMA-silica) net-
work. Moreover, this dramatic increase in the storage modulus
could only be due to molecular-level reinforcement of the
entangled polymer structure by an interpenetrating network
of inorganic silica.

1.00E+09
1.00E+08

©

o

»

2 1.00E+07

=]

T

]

s /'
1.00E+06 i
1.00E+05

0 20 40 60 80 100 120 140 160 180 200

Temperature °C

Fig. 4. Storage modulus as a function of temperature in DMA measurements at
a fixed frequency of 1 Hz of storage modulus. Si0: poly(HEMA) as control;
Sil5: poly(HEMA-silica), 15 wt% SiO,; Si25: poly(HEMA-silica), 25 wt%
Si0,; Si30: poly(HEMA-silica), 30 wt% SiO,.

3.3. N, adsorption—desorption characterization of
poly(HEMA-silica)

The adsorption—desorption isotherm shows that BET sur-
face area is 0.83 m?/g, which is typical of nonporous materials.
The pore volume was approximately 3 x 10~* cm?/g showing
that the poly(HEMA-silica) has no internal porosity.

For pure SiO, gels prepared by the sol—gel method, surface
areas in excess of 200 m*/g [16] have been observed with pore
volumes larger than 0.1 cm*/g. The pores were formed during
the evaporation of volatile by-products from the gel. However,
in case of our poly(HEMA-silica), the byproduct is removed
by vacuum evaporation while the material is still in the sol
state. HEMA monomers would enter and polymerize inside
pores that would render the hybrid product essentially
nonporous.

3.4. Thermogravimetric analysis

The thermal stability of any crosslinked polymer is gener-
ally greater than a linear polymer. The poly(HEMA-silica)
hybrid polymers showed improved thermal stability as
observed by a reduction in mass loss rate from the TGA mea-
surements in air (Fig. 5). This is expected as the polymer
phase present within the silica network is shielded from the
high temperature environment and thus, it would be expected
to have a higher thermal stability. The hypothesis of the forma-
tion of a percolated poly(HEMA-silica) network is further
evidenced by the silica residues remaining at the end of the
TGA experiments. The exact silica content was determined
from the weight of the residue at 750 °C, and these values
were in excellent agreement with those calculated from stoi-
chiometry of the starting materials.

3.5. Modulus and hardness of poly(HEMA-silica)
hybrids

In this study, nanoindentation was for the first time used to
measure the hardness and modulus of the poly(HEMA-silica)
hybrid samples. Indentation experiments were performed at
three different loads, namely, 500, 1000, and 2000 puN. In

110

90
g 70
-5, 50 4 Residue at
o 750 °C
= 30 A 29.02% Si30
24.03% Si25
o .
10 4 15.05% Si15
0.19% Si0
-10 T T T T T
0 200 400 600 800 1000 1200

Temperature °C

Fig. 5. TGA curves of the hybrid samples and control sample recorded at
a heating rate of 10 °C/min in air.
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Table 1

3987

Modulus and hardness of poly(HEMA-silica) hybrids measured by using nanoindentation at three different loads of 500, 1000 and 2000 pN

Property Modulus, GPa Hardness, GPa

Load, uN 500 1000 2000 500 1000 2000
PHEMA (control) 4.45 (0.363) 4.40 (0.423) 4.33 (0.174) 0.214 (0.033) 0.212 (0.030) 0.195 (0.015)
PHEMA-silica (15 wt% SiO,) 4.34 (0.205) 4.13 (0.092) 4.24 (0.116) 0.265 (0.018) 0.236 (0.010) 0.220 (0.011)
PHEMA-silica (25 wt% SiO,) 4.96 (0.181) 4.84 (0.152) 4.49 (0.14) 0.31 (0.017) 0.277 (0.016) 0.254 (0.007)
PHEMA-silica (30 wt% SiO,) 6.19 (0.353) 5.76 (0.166) 5.59 (0.169) 0.376 (0.046) 0.336 (0.009) 0.306 (0.011)

Numbers in parentheses represent standard deviation.

each case, the sample modulus and hardness were determined
from the unloading curve. The values of modulus and hardness
of the poly(HEMA) and hybrids measured at these loads are
tabulated in Table 1. Typical loading and unloading curves
for 1000 uN are presented in Fig. 6. At any constant load,
the penetration depth of the indenter into the sample decreased
with increasing silica content, clearly indicating an increase in
the hardness of poly(HEMA-silica) hybrids upon addition of
the silica. A percolation threshold appears at about 20—
25 wt% of silica, and this is consistent with the dependence
of rubbery plateau modulus enhancement on silica network
formation observed in DMA.

3.6. Microscratch testing

Scratch resistance of these poly(HEMA-silica) hybrids was
evaluated for the first time by using microscratch measure-
ments. The poly(HEMA) sample exhibited a tearing mode of
failure near the scratch edge, which was accompanied with
material “pile-up” as shown in Fig. 7A, which is typical for
polymeric materials. On the other hand, all poly(HEMA-sil-
ica) hybrids (Fig. 7B) do not show the same tearing upon
scratching. Rather, the hybrid samples failed by cracking in-
dicative of glassy type of failure. This is presumably a result
of shear deformation of materials upon scratching. The num-
ber of cracks formed along the length of the scratch decreased
with an increase in the silica content, suggesting that the

Increasing Hardness

1000
800 - Si25
Si30 —,
Z 600
g . Unloading
g Loading
3 4004
Si0
200 Si15
0 T 7 T T
0 100 200 300 400 500

Displacement nm

Fig. 6. Load vs. displacement curves upon nanoindentation of the sample at
1000 pN load. Poly(HEMA-silica) hybrid samples showed increasing modulus
and hardness with silica content compared to a control sample with no silica.
Si0: poly(HEMA) as control; Sil5: poly(HEMA-silica), 15 wt% SiO,; Si25:
poly(HEMA-silica), 25 wt% SiO,; Si30: poly(HEMA-silica), 30 wt% SiO,.

incorporation of silica in the poly(HEMA) matrix leads to poly-
(HEMA-silica) hybrids with significantly higher resistance to
scratch and abrasion.

In addition to the studies of failure mechanisms, the
scratch-resistant properties as a function of silica loading for
these poly(HEMA-silica) hybrid materials were also investi-
gated. The force associated with the initial failure was defined
as the load at which the initial crack or tear occurred. We de-
termined this by locating the first visible crack or tear along
the scratch from the microscopy images. Then, the corre-
sponding force value was calculated for that tear or crack
from the force—displacement data for the given constant load-
ing rate scratch experiment. Table 2 summarizes the values
of initial failure load as well as the mode of failure from
microscratch measurements. The initial failure load increased

A Tearing lailure
at edges

Typical failure of
a soft polymeric
material

12um

B |

No tearing,
... indicative of
..... == hard-glassy
4 material

~ Fewer crack
formation,
indicative of crack
resistant material

12um

Fig. 7. (A) Deformation and cracking of control sample poly(HEMA) under
progressive load scratching. The sample shows typical failure of soft, low
modulus polymeric materials. (B) Deformation and cracking of Si30, a hybrid
containing 30 wt% of silica. Failure mode has changed from a soft polymeric
material to a hard-glassy material due to the addition of silica.
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Table 2
Failure mode and failure initiation force as observed using microscratch
testing

Sample Mode of failure Load at first
crack, mN

PHEMA (control) Tearing 12

PHEMA-silica (15 wt% silica) Cracking 28

PHEMA-silica (25 wt% silica) Cracking 47

PHEMA -silica (30 wt% silica) Cracking 68

five-fold for the 30 wt% silica samples as compared with the
poly(HEMA), clearly indicating the effectiveness of poly-
(silica-HEMA) hybrids to protect against scratch hazards.
This is consistent with the hardness and modulus results
obtained from nanoindentation.

4. Summary and conclusions

Poly(HEMA-silica) hybrids with low volume shrinkage
were synthesized via sol—gel reactions in conjunction with
free radical polymerization of vinyl groups in HEMA. Results
clearly demonstrate that this approach would allow for the fab-
rication of thick monolithic organic—inorganic nanocompo-
sites by conventional cell casting without the major concerns
of dimensional stability and shrinkage-induced crack forma-
tion. All the hybrid materials displayed excellent optical trans-
mission, namely, ~95% in the visible region which indicates
the formation of a molecular-level hybrid material with the
size of the silicate domains in these poly(HEMA-silica) hy-
brids being well below the wavelength of visible light. As
expected, the hardness and modulus of poly(HEMA-silica) hy-
brids increased with increasing silica content. A percolation
threshold of about 20—25 wt% of silica was observed, above
which, there was a drastic increase in hardness and modulus
over the pure poly(HEMA). The 30 wt% silica hybrid
exhibited a 60% increase in hardness and a 33% increase in
modulus. Similarly, the rubbery plateau modulus of poly-
(HEMA-silica) hybrids obtained from DMA increased sig-
nificantly with respect to silica loading, which supports our
conclusion of molecular-level reinforcement of the entangled
polymer structure by an interpenetrating network of inorganic
silica. Microscratch measurements revealed different modes of
failure associated with deformation of poly(HEMA) and poly-
(HEMA-silica) hybrids. The poly(HEMA) exhibited a tearing
failure at the scratch edge and material pile-up indicative of
poor scratch resistance. In contrast, all the poly(HEMA-silica)
hybrids showed a more glassy type of failure. The scratch re-
sistance performance determined from the initial load value
associated with the first tearing or crack failure increased
with increasing silica content. The 30 wt% silica hybrid dis-
played a five-fold increase in the resistance to microscratch
over poly(HEMA).

Through this work, we showed a facile method to prepare
low shrinkage sol—gel hybrid materials and the property en-
hancements associated with the molecular-level interpene-
trating poly(acrylic-silica) network. Increase in hardness,
modulus, and scratch resistance of the hybrid materials and

the ability to make samples with low shrinkage during cure
shows promise of these materials for applications either as
bulk polymer sheets or as hard abrasion-resistant coatings.
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