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Mesoporous silica synthesized via the surfactant-tem-
plating route is currently attracting significant interest as
a low dielectric constant (low-k) and low refractive index
(low-n) materials, because of its high porosity and high
thermal and mechanical stability.' Highly ordered meso-
porous silica films have been prepared by evaporation
induced self-assembly (EISA) processes,” and excellent
dielectric properties and an ultralow refractive index have
been reported.” * However, there are several drawbacks
that make practical applications difficult. The EISA
process generally requires precise control over the experi-
mental conditions. Additionally, post calcination process
at high-temperature for surfactant removal is undesir-
able, especially when the films are coated on thermally
unstable polymer substrates. One promising approach to
address these issues is the use of well-dispersed mesopor-
ous silica nanoparticles (MSNs) embedded in silica or
other polymer matrices to produce nanocomposite films.
The following advantages are expected: (i) the synthesis of
mesoporous silica including surfactant removal can be
separated from the coating process; (ii) various matrix
polymers, either organic or inorganic, are available; and
(iii) closed mesopores can be formed when nonporous
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matrix is employed. We have focused on the application
of such nanocomposite materials as low-n films, which
are practically important for high-performance antire-
flective (AR) coatings used in optical display devices.

Previously, various MSNs with controlled diameters,
shapes, pore architectures, and colloidal dispersibility> have
been synthesized and examined for various applications.®
However, the low-# applications based on MSNs have been
very limited.® For these applications, removal of the
surfactants from the mesostructured silica—surfactant
composite nanoparticles (SSNs) is required, without the
loss of monodispersity and the internal mesostructure.
Modification of the internal and external surfaces of nano-
particles with organic groups is also important for stabili-
zation of the mesostructure, to create hydrophobic pores to
minimize water adsorption,® and to control the interface
between the particle surface and the matrix polymer.

Here we report the preparation of a stable dispersion of
organically modified MSNs in alcohols by simultaneous
trimethylsilylation and surfactant extraction, and we
demonstrate that these nanoparticles can be used for
the fabrication of nanocomposite films with well-dis-
persed nanoparticles in a silica matrix. These films have
remarkable AR properties that are enhanced by increas-
ing the pore volume of the MSNs with swelling agents
during synthesis.

Mesostructured SSNs were prepared from a mixture of
tetraethoxysilane (TEOS), 3-aminopropyltriethoxysilane
(APTES), cetyltrimethylammonium bromide (CTAB), water,
ethylene glycol (EG) by stirring at 333 K for 4 h.°® The molar
composition of the reactants was 1.00:0.16:1.06:25.6:104:2150
TEOS:APTES:CTAB:NH;:EG:H,0. To enhance the poros-
ity of the nanoparticles, 1,3,5-trimethylbenzene (TMB)’ was
added as a swelling agent to this mixture at the beginning of
the reaction. Three samples were prepared with molar ratios
of TMB/CTAB = 0, 2, and 4.

To achieve direct trimethylsilylation of SSNs in an
aqueous dispersion, we have developed a new process
based on the modified Lentz method, where hexamethyl-
disiloxane (HMDS) is used as the silylation agent under
highly acidic conditions.® The reaction was performed by
adding as-synthesized dispersions of SSNs to a mixture of
HMDS, 2-propanol, water, and HCI, followed by stirring
the biphasic mixture at 345 K.” Under these conditions,
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cleavage of HMDS and exchange of the surfactant ca-
tions with protons proceed, resulting in trimethylsilyla-
tion of the silanol groups on both the internal and
external surfaces of SSNs. Trimethylsilylated (TMS)-
MSNs were easily separated from the oil phase by cen-
trifugation.

X-ray diffraction (XRD) pattern of TMS-MSNs pre-
pared without TMB shows four diffraction peaks, in-
dexed as (10), (11), (20) and (21) reflections of a two-
dimensional (2D) hexagonal (p6mm) structure with a d
spacing of 3.9 nm (see Figure S1 in the Supporting
Information).” The d;, spacing is increased to 5.0 and
5.9 nm by the addition of TMB at the TMB/CTAB ratios
of 2.0 and 4.0, respectively, which suggests that TMB acts
as a swelling agent to increase the diameter of the
cylindrical assemblies in this system.

Solid-state 2°Si MAS NMR spectrum of TMS-MSNs
prepared without TMB shows five signals; Q% Q°, and Q*
signals (Q™: Si(OSi),(OH or O7),_,), a T> (CSi(OSi);)
signal due to aminopropylsilyl groups, and a M' signal
due to trimethylsilyl groups (=SiOSiMe;) (see Figure S2
in the Supporting Information).®® The presence of tri-
methylsilyl groups was also confirmed by '*C cross-
polarization (CP)/MAS NMR (see Figure S3 in the
Supporting Information).” In addition, *C CP/MAS
NMR and FT-IR analyses confirmed that the surfactants
were completely removed (see Figure S4 in the Support-
ing Information).” From the °Si MAS NMR data, the
integral intensity ratio of M'/(M' + T + Q") is 0.15,
which is much higher than the theoretical ratio of SIOH
groups on the external surface of the nanoparticles (ca.
0.02).° These results suggest that trimethylsilyl groups
(—OSiMe;) are attached to both the internal and external
surfaces of MSNs via Si—O—Si bonds.

Field-emission scanning electron microscopic (FE-
SEM) images of TMS-MSNs are shown in Figure 1(left).
The particle sizes are in the range of 40—80 nm and are
almost unchanged by the addition of TMB. Transmission
electron microscopic (TEM) images (Figure 1(right))
show discrete spherical particles with either well-ordered
hexagonal dot patterns or striped patterns. The increase
in pore diameter by the addition of TMB is also evident.
When TMB/CTAB = 4, the cylindrical pores become
more enlarged but less-ordered near the particle surface,
and irregular open pores on the particles can be observed
by SEM.

The nitrogen adsorption—desorption measurements
revealed the highly porous nature of TMS-MSNs (see
Figure S5 in the Supporting Information).” The Bru-
nauer—Emmett—Teller (BET) surface areas, average
pore diameters evaluated by Barrett—Joyner—Halenda
(BJH) method, pore volumes, and wall thicknesses calcu-
lated from the pore diameters and the djy spacings are
summarized in Table 1. The addition of TMB caused a
significant increase in pore diameter, whereas the wall
thickness remained almost unchanged; therefore, the
total pore volume of TMS-MSNs was increased.

TMS-MSNs have excellent dispersibility in such alco-
hols as ethanol, 2-propanol, butanol, and hexanol, as
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Figure 1. (left) FE-SEM and (right) TEM images of TMS-MSNs pre-
pared with TMB/CTAB ratios of (a) 0, (b) 2, and (c) 4.

Table 1. Structural Parameters of TMS-MSNs

TMB/ dio wall BET pore
CTAB spacing BJH Pore thickness surface area volume
ratio (nm) diameter (nm)  (nm) m*ghH (em’g™h)
0 39 2.5 2.1 943 1.3
2 5.0 3.7 23 857 1.5
4 5.9 5.0 2.0 829 1.9

confirmed by dynamic light scattering (DLS) measure-
ments (see Figure S6 in the Supporting Information).” A
dispersion of TMS-MSNs in 2-propanol can be concen-
trated up to 8 wt % and no precipitation or structural
deterioration were observed, even after one month. It
should be noted that when the surfactant was removed
from SSNs by conventional acid (HCI) treatment in
ethanol, particle aggregation and partial deterioration
of the mesostructure occurred (see Figures S6 and S7 in
the Supporting Information).” The lower dispersibility of
such unsilylated MSNs compared to TMS-MSNs was
pronounced when the dried samples were redispersed in
2-propanol.” Furthermore, these unsilylated MSNs gra-
dually underwent structural collapse under ambient con-
ditions.” Therefore, it is plausible that the trimethylsilyl
groups in TMS-MSNs play a crucial role in preventing
the rearrangement of the siloxane networks and irrever-
sible aggregation of the nanoparticles caused by the
formation of Si—O—Si bonds between particles.

The characteristic properties of TMS-MSNSs are desir-
able for the fabrication of nanocomposite films for low-n
applications. The nanocomposite films were prepared
by coating the mixture of TMS-MSNs and siloxane
oligomers,” and their potential for use as an AR coating
was tested. It appeared that the film containing 30 wt %
TMS-MSNs had enough mechanical strength for practi-
cal use. SEM observations (Figure 2a) show that the
thickness of the film is 100—120 nm and that the nano-
particles are uniformly embedded in the silica matrix.
From atomic force microscopy (AFM) mapping of the
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Figure 2. (a) FE-SEM images of the surface and the cross-section of a
nanocomposite film containing 30 wt % TMS-MSNs prepared without
TMB, and (b) an AFM image of the surface.

surface (Figure 2b), the average roughness is estimated to
be ca. 2.5 nm, which is sufficiently small to ensure high
optical transparency.

The reflected light from the air—film interface is
generally represented by the reflection coefficient r =
(ny — ny)/(ny + ny), where n; and n, are the refractive
indices of air and film, respectively.'® The reflection
coefficient R, can be represented by the energy of reflected
light as follows: R = |r|.> It is therefore expected that the
incorporation of TMS-MSN:ss into a silica film leads to a
decrease in the R value. In addition, the AR properties of
single-layer films depend on the destructive interference
of the reflected light wave under the following conditions:
d =1/4n,, where d is the film thickness, and A is wave-
length of visible light. Because human eyes are the most
sensitive to light in the wavelength of 550 nm,'" a suitable
thickness for the film is estimated to be 95—125 nm when
the n, value is in the range of 1.45—1.10. Such a composite
film has suitable thickness for AR coating, which is due to
the small particle size.

Figure 3 shows a comparison of visible-light reflectivity
for a glass substrate, silica film, and nanocomposite films
containing 30 wt % TMS-MSNs with different pore
volumes. The reflection curves for the silica and compo-
site films have minimum values in the wavelength region
of 400—600 nm. Importantly, the nanocomposite films
exhibit lower reflectivity than that for the silica film. The
minimal reflectivities for these films (1.5—2.5%) tenta-
tively meet the requiement for AR coatings on a glass
substrate. The relative reflectivity decreases with the
increasing pore size and content of TMS-MSNs loaded
in the silica matrix (see Figure S8 in the Supporting
Information).” From these results, it is evident that the
decrease in reflectivity is attributable to the decrease in the
refractive index of the film, because of the highly porous
MSNs well-dispersed in the films. Also noted is that the
penetration of the matrix polymers into the mesopores is
substantially negligible in this system.

As another candidate for porous fillers, hollow silica
spheres can be used for preparing AR coating.'” Typical
hollow silica spheres of 50—100 nm in diameter have the
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Figure 3. Relationships between reflectivity and the wavelength of visible
light for (a) a glass substrate, (b) silica film derived from MSS51, and
nanocomposite films containing 30 wt % of TMS-MSNs prepared at
TMB/CTAB ratios of (c) 0, (d) 2, and (e) 4.

shell thickness of 7.5—20 nm. '3 The calculated porosity of
a hollow silica sphere (assuming the diameter of 80 nm
and the shell thickness of 10 nm) is ca. 42%, which is still
lower than the value (ca. 48%) for TMS-MSNs prepared
with TMB/CTAB = 4 (pore size of 5 nm and the wall
thickness of 2 nm). Thus the nanocomposite films pre-
pared with MSNs should exhibit better antireflective
performance. The ease in controlling the particle size
while keeping the same porosity is also a great advantage
of MSNs. Furthermore, we expect that MSNs have high-
er mechanical strength because of its honeycomb struc-
ture. Detailed comparison will be made in near future.

In conclusion, the synthesis of MSNs with high stability
and dispersibility suitable for thin film application was
achieved. Trimethylsilylation was effective, not only for
the removal of surfactant while retaining highly ordered
mesostructures but also for the long-term stability of the
dispersion in alcohol and the internal mesostructure. The
nanoparticle dispersions were used for fabrication of
nanocomposite films with excellent AR properties. Ef-
forts are underway to further enhance the performance of
the composite film based on precise tuning of the particle
size, porosity, and the loading amount of mesoporous
silica nanoparticles in the matrix.
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