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ABSTRACT: An organic-inorganic hybrid polymeric
nanocomposite has been synthesized for making UV-cura-
ble hard coats. This nanocomposite consists of nano-sized
colloidal silica functionalized with vinyltriethoxysilane
(VTES) and dendritic acrylic oligomers (DAO) which
have been formed earlier via a reaction of ethylenediamine
(EDA) with trimethylopropane triacrylate (TMPTA).
Applied as a hard coat on top of a polyethylene terephtha-
late (PET) film, this nanocomposite has a short UV-cure
time and the cured coat has an enhanced thermal decompo-

sition temperature (T,;), 89-90% transparency, increased
hardness up to 3H, better adhesion up to 4B, and a flat sur-
face with a root mean square roughness of 2-4 nm. The
preparation as well as the characterization of the constitut-
ing species and the final hybrid are described in de-
tail. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 103: 3985-
3993, 2007
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INTRODUCTION

In recent years, UV-curable hard coatings that can be
applied to the plastic substrate for the ]grotection pur-
pose have gained extensive interest."'* Coatings that
are abrasion resistant and require short cure time are
much desired. The acrylic monomer/oligomer is an
important UV-curable resin widely used for coatings
because of its excellent optical properties and easy
processability.” However, the lack of hardness of
the cured resin often results in scratch damages on
the surface. Among various hardness improvement
method, the making of organic-inorganic hybrid
materials has received great attention."*'*'> Such
hybrid materials often exhibit markedly improved
mechanical properties and weatherability arising
from the contribution of the inorganic elements.
In particular, the acrylate/silica hybrid material has
found a great potential in use as a transparent pro-
tecting film for various optical panel displays. Never-
theless, the incompatibility between the organic and
inorganic phase causes poor dispersion of silica par-
ticles in the acrylate matrix and makes a direct blend-
ing of acrylate and silica particles impossible.

Two ways for preparing acrylate/silica hybrid
have been studied over the past years. The first
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DISCOVER SOMETHING GREAT

involves the polymerization of acrylic monomers in
the presence of an ethenic monomer containing sili-
con alkoxides in its molecular structure, forming the
Si(OR);-containing polyacrylate. This polyacrylate
undergoes then a condensation reaction with tetrae-
thoxysilane (TEOS), thus resulting in an acrylate/
(silica particles) hybrid.l(”17 However, the nonuni-
formity of the size of the in situ formed silica particles
often causes deleterious optical effects. The other way
is to copolymerize acrylic monomers with functional-
ized silica particles of an uniform size.*'® While the
rate of copolymerization (i.e., the cure rate) is not
fast, the transparency requirement of the protecting
film often necessitates the choice of the latter way
concurrent with the use of nano-sized silica particles.
In the work described here, a novel method was
used for preparing an acrylate/(silica nanoparticles)
hybrid material that could be cured quickly. First,
silica nanoparticles were functionalized with vinyl-
triethoxysilane (VTES) to afford reactive groups to
the nanoparticles. Next, these functionalized nano-
particles were mixed with dendritic acrylic oligomers
(DAO) with multiple reactive groups to make a thin
film on top of a plastic substrate. After a short UV-
cure time, the cured film exhibited excellent transpar-
ency, adhesion, haze, and hardness characteristics.

EXPERIMENTAL
Materials

Trimethylolpropane triacrylate (TMPTA), vinyltrie-
thoxysilane (VTES), 1-hydroxycyclohexyl phenyl
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TABLE I
Compositions of VTES-Functionalized Silica

VTES/silica VTES Colloidal H,O

Sample (R) (8) silica (g)* (8)
VT01 0.1 0.9 30 0.852
VTO02 0.2 1.8 30 1.705
VT03 0.3 2.7 30 2.557
VT04 04 3.6 30 3.410
VTO05 0.5 45 30 4.547

? 30 wt % silica in isopropanol.

ketone (HCPK, Irgacure 184), and hydrochloric acid
with a concentration of 0.1 mol/L were purchased
from Aldrich Chemical and used without further pu-
rification. Ethylenediamine (EDA) and isopropanol
were purchased from Fluka. Colloidal nano-sized
silica of a diameter of 10-12 nm was purchased from
(Echo Nano-bio, Taiwan) as a clear suspension in iso-
propanol with a solid content of 30%. Nonionic fluo-
rosurfactant FC-4430 was purchased from 3M Com-
pany (St. Paul, MN).

Synthesis

VTES, H,O, HC], and silica nanoparticles were added
into a three-necked flask equipped with a magnetic
stirrer. The hydrolysis of VTES and the condensation
of silanols were carried out simultaneously at 75°C
for 2 h under various formulations (shown in Table I)
to produce the functionalized silica (V-silica) solution.
The number of moles of water was ten times that of
VTES, and 0.2-0.3 g of HCl was added to maintain a
pH at 3—4. The reaction is shown in Scheme 1.

In another three-necked flask, TMPTA (0.1 mol)
was dissolved in IPA (12 g) before the addition of
EDA (0.02 mol). This mixture was kept at 30°C for 6 h
with stirring to yield the dendritic acrylic oligomers

—————  CH,=CH-Si(OH)
H,O/HCl

CH,=CH-Si(OC,Hs); + 3 CHOH

vinyltriethoxysilane(VTES)

OH

Ho\/OH . CH,=CH-Si(OH)
Ho™ OH
HO o
OH 57
A

— >  HyC=HC o o OH
condensation ;
/S
HO™ “cH=CH,
V-silica

Scheme 1 Functionalization of silica nanoparticles.
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Scheme 2 Formation of dendritic acrylic oligomers.

based on the method proposed previously by Xu
et al.> The reaction is shown in Scheme 2.

The V-silica solution and the oligomer solution
were then mixed at various weight ratios in the pres-
ence of 25 wt % diluting TMPTA, 4 wt % Irgacure

c=C

a(VTES) 1650cm™

h{silica)

c(R=0.1)
d4(R=02)
e(R=0.3)

f(R=0.4)

g(R=05

Wﬂ\
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Figure 1 FTIR spectra of VTES, silica, and sample VTO01-
VTO05 at various VTES/silica weight ratio (R).
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Figure 2 ?°Si solid-state NMR spectrum of pristine silica.

184, and 0.03 wt % FC-4430. This acrylate/(silica
nanoparticles) hybrid mixture was roller coated on a
polyethylene terephathalate (PET) film with a coat-
ing thickness of 4 mm and put under UV irradiation
(wavelength: 365 nm; power: 240 mW /cm?) for cur-
ing. The curing lasted for 60 s. The cured film was
analyzed for its optical, thermal, and physical char-
acteristics.

Measurements

The molecular structures of acrylic oligomers were
determined from 'H- and ""C-NMR (Varian-Unity
INOVA-500 MHz) and *Si-SNMR (BRUKER AMX
400 spectrometer) spectra of samples in CDCl; at
30°C. The functional groups of V-silica were analyzed
with a Shimadzu SSU-8000 FTIR spectrophotometer.
The molecular structure was determined with the use
of JEOL-SX102A GC/LC/MS mass spectrometer
(MS). Scanning electron microscope (SEM) images
were obtained on a Hitachi 54800 Type I SEM system
for sample deposited onto a TEM grid (copper,
3.0 mm, 200 mesh, and coated with a Formvar film).
The thermal behavior of the polyacrylate/(silica
nanoparticles) hybrid material (8-10 mg) was eval-
uated with a thermogravimetric analyzer (TGA 2050,
TA Instruments) in an aluminum pan with a heating
rate of 20°C/min from room temperature to 900°C
under nitrogen at a flow rate of 20 mL/min. Differen-
tial scanning calorimeter (DSC) analysis was done on
a modulated DSC2910 (TA Instruments) under nitro-
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Figure 3 *Si solid-state NMR spectra of functionalized
silica VTO04.
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Figure 4 SEM image of pristine silica (scale bar = 200 nm).

gen at a flow rate of 80 mL/min. The atomic force
microscope (AFM) height-mode micrographs were
obtained from the Quesant Universal SPM Instru-
ments, using a silicon-nitride-based cantilever coated
with magnetic film as the AFM tip. The hardness of
the film was measured in accord with ASTM D3363
method using a pencil meter. The adhesion of the
hybrid material to PET was measured by ASTM
D3359 method. The transparency and haze were
examined with a Nippon Denshoku 300A instrument
following the ASTM D1003 method.

RESULTS AND DISCUSSION
Functionalization of silica nanoparticles with VTES

FTIR spectra shown in Figure 1 indicate that the
amount of silanols on the surface of silica (peak at
962 cm ') decreased when silica nanoparticles were
functionalized by VTES. However, the amount of sila-
nols generated by the hydrolysis of VTES (peak at

Figure 5 SEM image of VTES-functionalized silica VT04
(scale bar = 200 nm).
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Figure 6 '>C-NMR spectrum of the acrylic oligomer.

912 cm ') was minimal unless the amount of VTES
added was more than 0.4 VTES/silica weight ratio.
This observation suggests that the inherent silanols on
the surface of silica nanoparticles were completely con-
sumed by the hydrolyzed VTES at that weight ratio.
The *’Si-SNMR spectrum of pristine silica is shown
in Figure 2. The Q’ and Q” peaks indicate the exis-
tence of inherent silanols on the surface of the silica
nanoparticles. After the functionalization with VTES
by a 0.4 weight ratio (Fig. 3), Q° and Q* peaks dimin-
ished, thus verifying the reaction of silanols with
VTES. In the meanwhile, two new peaks, T? and T?

were generated indicating that the VTES was either
triply bonded or doubly bonded to silica nanopar-
ticles. The singly bonded VTES, T!, was not observed
presumably because the amount of VIES (at R = 0.4)
was not big enough. These *’Si-SNMR spectrums
thus corroborate the successful functionalization of
silica nanoparticles by VTES.

At a2 x 10° times magnification, the SEM images
(Figs. 4 and 5) clearly show that the size of silica
nanoparticles increased after the VTES functionaliza-
tion. This increase was ascribed to the inclusion of
VTES into the siloxane network structure.
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Figure 7 ">C-NMR spectrum of TMPTA.
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Figure 8 Mass spectrum of TMPTA.

Formation of the dendritic acrylic oligomers

Each dendritic oligomer molecule has eight ethenic
double bonds and its molecular structure was verified
on the basis of a comparison of the "*C-NMR spec-
trum (Fig. 6) of the acrylic oligimer with that (Fig. 7)
of TMPTA. Peaks at &, = 127.8 and 5, = 130.198
diminished after the reaction of TMPTA with EDA as
a result of the consumption of ethenic double bonds.
Furthermore, the generation of three new peaks, Jy,
d;, and 9§, corroborated the reaction of EDA with the
ethenic double bonds of TMPTA. However, it was
difficult to ascertain from these spectra how many
TMPTA molecules each EDA reacted with. Therefore,
MS was used to determine the molecular weight of
the acrylic oligomer. With the use of the fast atom
bombardment mass spectrometer (FAB-MS), the mass
spectrum (Fig. 8) clearly identified the parent ion of
m/z = 1245 in accord with the expected molecular
structure—each dendritic oligomer molecule consisted
of four TMPTA and one EDA and had eight ethenic
double bonds. Other fragment ions having m/z = 949,
622, and 225 were also identified as the fragmental
derivatives of the oligomer (Scheme 3).

Compositions and properties of hybrid
acrylate/(silica nanoparticles) materials

As listed in Table II are the compositions of various
hybrid acrylate/(V-silica) coating formulations. The
decomposition temperatures (T;) of various polyacry-
late/(silica nanoparticles) hybrid materials were

determined with TGA and data are summarized in
Table III. For comparison, both pristine silica and the
functionalized silica were tried for making the or-
ganic-inorganic hybrid. Shown in Figures 9 and 10
are T, data from the hybrid materials composed of
various amount of pristine silica and V-silica, respec-
tively. Both silica caused an increase in T, but V-
silica caused more increase. However, for pristine
silica a maximum T, occurred at a silica content of
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Scheme 3 Parent and fragment ions of TMPTA deriva-
tives.

Journal of Applied Polymer Science DOI 10.1002/app



3990 SHU ET AL.

TABLE II
Compositions of Various Hybrid Materials (wt %)

Series  VTES/silica Sample  V-siica =~ DAO  TMPTA  Initiator"  Surfactant”

A 0 A-25 10 65 25 4 0.03
0 A-50 20 55 25 4 0.03
0 A-75 30 45 25 4 0.03
B 0 A-100 40 35 25 4 0.03
0 A-125 50 25 25 4 0.03
0.4 B-25 10 65 25 4 0.03
0.4 B-50 20 55 25 4 0.03
0.4 B-75 30 45 25 4 0.03
C 0.4 B-100 40 35 25 4 0.03
0.4 B-125 50 25 25 4 0.03
0.5 C-25 10 65 25 4 0.03
0.5 C-50 20 55 25 4 0.03
0.5 C-75 30 45 25 4 0.03
S 0.5 C-100 40 35 25 4 0.03
0.5 C-125 50 25 25 4 0.03
0.4 S-04 50 25 25 4 0.03
0.5 S-05 50 25 25 4 0.03
0.6 S-06 50 25 25 4 0.03
0.7 S-07 50 25 25 4 0.03
0.8 5-08 50 25 25 4 0.03

@ Initiator/(V-silica + DAO + TMPTA) (wt %).
P Surfactant/(V-silica + DAO + TMPTA) (wt %).

about 5 wt % and any further increase beyond 5 wt  amount of pristine silica exceeded a certain limit and
% led to a drop of T,;. This observation indicated that = thus resulted in an inferior crosslinking reaction in
the incompatibility became significant when the  the organic matrix.

TABLE III
T,; and Residue Weight of Cured Hybrid Materials
Silica Residue weight
Series VTES/silica Sample (Wt %)? T, (°C)P (%)©
PET 0
DAO 0 226.51 44
A 0 A-25 2.50 266.04 6.385
0 A-50 5.00 279.76 9.369
0 A-75 7.50 260.54 10.34
0 A-100 10.00 253.4 14.31
0 A-125 12.50 239.18 19.39
B 0.4 B-25 2.50 291.55 5.521
0.4 B-50 5.00 294.13 8.743
0.4 B-75 7.50 288.65 10.5
0.4 B-100 10.00 283.42 13.73
0.4 B-125 12.50 286.09 22.45
C 0.5 C-25 2.50 NA NA
0.5 C-50 5.00 NA NA
0.5 C-75 7.50 NA NA
0.5 C-100 10.00 NA NA
0.5 C-125 12.50 276.66 24.83
S 0.2 S-02 12.50 267.03 22.06
0.3 5-03 12.50 2742 25.6
0.4 S-04 12.50 296.09 2245
0.5 S-05 12.50 276.66 24.83
0.6 5-06 12.50 282.74 25.35
0.7 S-07 12.50 270.52 25.03
0.8 S-08 12.50 270.87 25.1

@ Theoretical values based on the assumption that only inorganic moieties were present
at 900°C.

 Temperature at 5 wt % weight loss.

¢ Experimental results from TGA at 900°C.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Plot of T, versus silica content for hybrid ma-
terials.

The DSC thermograms of the acrylic oligomer and
various hybrid samples have been examined in the
temperature range from 50 to 200°C. No T, was ever
observed within this temperature range because the
UV-curing reaction among the dendritic oligomer,
V-silica, and TMPTA produced a crosslinked network
polymer with an enhanced T, beyond 200°C. This T,
would be difficult to measure because it was too close
to Td.

The surface of the cured film was examined with
AFM. Although the hybrid materials had surface flat-
ness inferior to the neat acrylic oligomer because of
the silica particles, the root mean square roughness
(RMS) are still within the acceptable range of 2—4 nm.
Shown in Figure 11 is the AFM microgram of the sur-
face of B125 sample (containing V-silica) coated on
the PET substrate. To contrast, the AFM microgram
of A125 sample (containing pristine silica) on the PET

300 4
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Figure 10 Plot of T; versus V-silica content for hybrid
materials.

Figure 11 AFM image of surface of coated B-125 on PET
film.

substrate is shown in Figure 12. Pristine silica con-
glomerated while the V-silica exhibited a flatter sur-
face owing to its higher compatibility.

Data for various hybrid sample films coated on
PET substrate are listed in Table IV. All had 89-90%
transparencies with or without silica nanoparticles.
Silica nanoparticles, as employed in these samples,
did not have deleterious effects on transparency. This
was because the refractive index of silica nanopar-
ticles (1.45 as shown in Refs. 19 and 20) was similar
to that of polyacrylate (1.47-1.48 as shown in Ref. 21)
and TMPTA (1.47 as shown in Ref. 22) and in the
meanwhile, the size of silica nanoparticles was too
small to cause any significant light scattering. It was
also worthy to notice that the transparency of any
hybrid sample on the PET film was higher than that
of the PET film alone (88.2%). Apparently, the smaller
refractive index of silica nanoparticles and polyacry-
late than PET (ngjica = 1.45, nppr = 1.53) enhanced the

Figure 12 AFM image of surface of coated A-125 on PET
film.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Properties of Cured Hybrid Thin Films

Sample TT (%)* Haze (%) Hardness® Adhesion® RMS (nm)? Ra (nm)*®
PET 88.2 49 HB 9.173 7.316
DAO 89.5 5.5 3H 0B 1.427 1.14
A-25 89.5 6.5 3H 1B NA NA
A-50 89.5 6 3H 1B NA NA
A-75 89.7 5.6 2H 3B NA NA
A-100 89.7 54 2H 4B 5.38 4.298
A-125 89.8 8 2H 4B 15.83 12.31
B-25 89.5 5.7 3H 0B NA NA
B-50 89.5 54 3H 1B NA NA
B-75 89.6 5.6 3H 2B NA NA
B-100 89.5 5.2 2H 2B 3.653 2.925
B-125 89.5 5.6 2H 3B 3.842 3.114
C-25 89.5 54 3H 1B NA NA
C-50 89.6 5.5 3H 1B NA NA
C-75 89.8 52 2H 2B NA NA
C-100 89.7 5.2 2H 3B 2.32 1.867
C-125 89 3.8 3H 4B NA NA
S-04 89.5 5.6 2H 3B 3.842 3.114
S-05 89 3.8 3H 4B 6.12 4.429
S-06 89.7 5.6 2H 4B NA NA
S-07 89.7 5.7 3H 4B NA NA
S-08 89.6 5.6 2H 4B NA NA

@ TT, Transparency.

® The degree of hardness: 3H > 2H > HB.

¢ Adhesion: 4B > 3B > 2B > 1B > 0B.

4 RMS, root mean square roughness of prepared thin films.
¢ Ra, average roughness of prepared thin films.

penetration of light. Therefore, it was conceivable
that the transparency could be further enhanced pro-
vided other substances with better optical properties
were chosen as the substrate, e.g., an optical PET.

The hardness of the hybrid materials on PET film
were measured and data are tabulated in Table IV.
Compared with the hardness of PET film alone (HB),
the hybrid samples on PET film exhibited better hard-
ness as high as 3H. This observation was not un-
expected because silica nanoparticle was a major
contributor for the improvement in hardness. How-
ever, the fact that the hardness did not vary signifi-
cantly to the amount of silica nanoparticles suggested
the existence of a trade-off between the hardness and
the compatibility.

As seen from Table IV, although the low degree of
light scattering led to very low haze in the hybrid
films, the hybrid films with V-silica nanoparticles had
lower haze (3.8-5.7) than those with pristine silica
nanoparticles (5.4-8). This could be attributed to the
reason that V-silica nanoparticles had higher compati-
bility with the organic acrylate phase and thus had less
particle aggregation which would adversely affects the
haze.

The hybrid material adhered better to the PET sub-
strate than the acrylate oligomer. Adhesion data for

Journal of Applied Polymer Science DOI 10.1002/app

all samples are tabulated in Table IV. Generally, the
adhesion of the hybrid material increased with an
increase in the silica content because the inclusion of
inorganic elements alleviated the extent of shrinkage
and maintained better contact between the coating
and the substrate.

CONCLUSIONS

An UV-curable organic-inorganic hybrid nanocom-
posite, consisting of dendritic acrylic oligmers and
functionalized silica nanoparticles, possesses enhanced
properties when applied as a hard coat on top of the
PET film. The UV-cure time is short and the cured coat
has an increased hardness up to 3H.
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