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ABSTRACT

We have synthesized periodic mesoporous silica thin films (PMSTF) from homogeneous
solutions. To synthesize the films a thin layer of a pH = 7 micellar coating solution that contains
TMOS is dip- or spin-coated onto silicon wafers, borosilicate glass, or quartz substrates.
Ammonia gas is diffused into the solution and causes rapid hydrolysis and condensation of the
TMOS and the formation of periodic mesoporous thin films within ~10 seconds. The combina-
tion of homogeneous solutions and rapid product formation maximizes the concentration of
desired product and provides a controlled, predictable microstructure. The films have been made
continuous and crack-free by optimizing initial silica concentration and film thickness.

INTRODUCTION

Periodic mesoporous metal oxides can be formed by templating a molecular source of
metal oxide around surfactant arrays [1-5]. Thin films of hexagonal periodic mesoporous silica
have been previously synthesized from inhomogeneous solutions [6-8] or by pressing premade
powders onto substrates [9]. We sought to make solutions from which periodic mesoporous
silica thin films (PMSTF) could be dip- or spin-coated. There are three challenges: (1) to make
homogeneous solutions in order to avoid incorporating byproducts in the film (e.g. amorphous
silica, excess surfactant), (2) to rapidly form the products in order to avoid incorporation of
unreacted species from the solution in the film (e.g. partially hydrolyzed alkoxides), (3) to
control the microstructure of the film to avoid large variations in particle size and agglomeration
as seen in bulk preparations [1-5].

To meet all of these challenges, we rapidly form films that have a controlled, predictable
microstructure from homogeneous solutions. We accomplish this by using a readily hydrolyz-
able source of silica (tetramethoxysilane, TMOS) and a homogenizing agent to ensure that all of
the reagents are dissolved prior to film formation. We can make continuous thin films of aggre-
gated 20-500 nm periodic mesoporous particles; within each particle exists the familiar hexago-
nal array of 2-4 nm diameter channels. The film thickness can be varied from a few hundred
nanometers to several microns. The films are stable to calcination at 500 °C and exhibit
extremely high surface areas. The films are being evaluated as high surface area, size-selective
coatings for surface acoustic wave (SAW) sensors.

EXPERIMENTAL

A typical synthesis of periodic mesoporous silica involves mixing deionized water,
methanol, cetyltrimethylammonium bromide (C;sTMABr), NaOH or NH; gas, and tetramethox-
ysilane (TMOS). The water to methanol ratig is also fixed at 75:25 w/w and the micellar
solutions, before the addition of TMOS, are 2, 4, 8, 16 wt% in C;;TMABr solutions. After
addition of the TMOS, the silica concentrations are 0.4, 0.76, 1.38, 2.33 M, respectively. The
H,0:Si ratios (A) vary from 97 to 12 in this range.

X-ray diffraction data were collected on crushed monoliths using a Scintag PAD V
instrument equipped with nickel-filtered Cu K, radiation. High resolution magic angle spinning
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hydrolysis of TMOS is the rate-limiting step.

RESULTS

Solution Homogeneity and Reaction Kinetics

The first of our goals is to make homogeneous solutions from which to dip- or spin-coat
films. In order to make homogeneous solutions the reagents should be molecular (i.e. alkoxides)
and must all be dissolved prior to product formation. The surfactant and base are dissolved in
solution prior to the addition of the silica source, so the key then is to solubilize the alkoxide
prior to the formation of periodic mesoporous silica. Silicon alkoxides are not initially soluble in
a pure water, but it is well known that alcohols act as homogenizing agents for alkoxides in
aqueous solutions, so we added methanol to the precursor solution. As reported elsewhere [10],
adding 25 wt% methanol actually improves the long-range order and yield of bulk products.

The second goal is to speed the reaction kinetics. This is essential because when TEOS
or non-molecular sources of silica are used a wide variety of species are simultarieously present
in the reaction mixture, such as, partially hydrolyzed alkoxides (Si(OCH;)(OH),, silicate
oligomers, colloidal products, amorphous silica, free surfactant, and precipitated product.
Obviously this is not an optimal mixture from which to make pure, continuous PMSTFs. Fortu-
nately, the time for phase separation of the products is accelerated by ~2 orders of magnitude
when TMOS is used as the silica source instead of tetracthoxysilane (TEOS). In fact, periodic
mesoporous silica forms within 5-7 seconds at room temperature with TMOS, Figure 1, and
aggregation and gelation occur in less than 1 second. This nearly instantaneous transformation
from homogeneous solution to gelled product effectively eliminates the broad distribution of
species found when TEOS is the silica source. ' )

The third goal is to control the morphology and agglomeration of particles. Control of
morphology is provided when TMOS is used as the silica source. The product forms aggregated
colloidal particles that are 20-500 nm diameter. The particles form a continuous gel network in
which the particle-particle contact area is minimal, which provides ready access to the intraparti-
cle porosity for adsorbing gases.

As shown in Figure 1, the time to form a product is increased as the temperature is
decreased. We reasoned that a homogeneous solution could be deposited onto a substrate and
spun before it gelled. (It is possible to form homogeneous micellar solutions at temperatures as
low as -14 °C if C,sH;3N(CH;); HSO, i§ used as the surfactant rather than C;sH3;N(CH;);Br). The
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Figure 2. Diffraction data from bulk samples mac}e Figure 3. Diffraction data from a film made by
with NH; gas catalyst. The coherent scattering domain gassing with NH; a dip coated solution that

(CSD) sizes are shown. The CSD depend on solution contained C,;TMABr, 75:25 water:methanol, and

temperature and agitation. " * 1.38 M silicon. The inset shows the data with the
background subtracted.

shear forces during spinning provide a liquid layer of essentially constant thickness, except at the
extreme periphery of the substrate. The speed at which the substrate is spun thus fixes the
reaction volume and the final thickness of the film.

PMSTFs were prepared by chilling 75:25 water:methanol solutions to 0 °C, squirting
them on a room temperature substrate, and spinning at 500 to 9000 rpm. Films of PMS were
formed, but with incomplete coverage. The key problems were predictably controlling the kinet-
ics and deciding exactly when to begin spinning. If films were spun too early, convection cells,
induced by preferential evaporation of the methanol, caused very uneven films to form. If they
were spun too late, particles formed during spinning and were subject to the physics of the
spinning substrate. In most cases films with incomplete coverage formed; in some cases unusual
radial lines of silica formed that emanated from the center of the substrate, in other cases
dendritic diffusion limited aggregates (DLA) of surfactant formed.

From these early studies we concluded that the rapid kinetics observed for the TMOS
system are advantageous in that we avoid a wide distribution of species in solution, and, as we
generally use aqueous-based solutions that have a high surface tension, we can form films before
the solution dewets. Nonetheless, without strict temperature control and precise timing the kinet-
ics are problematic in that the exact instant of product formation is difficult to predict accurately
enough to get continuous films. Thus a method is needed to predictably delay the product forma-
tion until the coating solution is on the substrate in the appropriate thickness.

The 441 Approach: A pH switch

To delay the product formation we sougflf to form a stable coating solution, deposit it on
a substrate, spin or drain it to the desired thickness, and rapidly form product. From studies on
bulk samples, we find that the product does not form until after the last reagent is added.
Normally the last reagent added is TMOS, but we surmised that a stable coating solution could
be formed by making a pH = 7 water:methanol:surfactant:TMOS solution; the solution could
then be deposited on the substrate, and then the catalyst could be added. In order to provide
rapid and thorough infiltration of the catalyst into the liquid reaction layer, we added the catalyst
as a gas, in this case ammonia.
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Figure 4. Optical micrograph (1250 x) of a dip- Figure 5. Optical micrograph (1250 x) of a dip-
coated thin film made from a 2% C,;TMABTr, 75:25 coated thin film made from a 8% C,TMABT, 75:25
water:methanol, 0.4 M TMOS solution gassed with water:methanol, 0.4 M TMOS solution gassed with
NH,. NH;.

To confirm that we could form periodic mesoporous silica by this approach, we made
bulk products by exposing the neutral reaction solution to ammonia gas. X-ray diffraction
clearly shows that this process leads to periodic mesoporous silica, Figure 2. Furthermore, the
product forms in the top few millimeters of the static liquid within 10s. By dip coating the
neutral solution onto silicon substrates and then gassing with ammonia, we were able to make
films with diffraction patterns characteristic of PMS, Figure 3. Thus we now have a stable
coating solution that can be spun or dipped onto substrates, and we have a pH “switch” that
allows PMS to be formed in a few seconds.

The neutral coating solution remains clear for ~90 minutes before a transparent or translu-
cent chemical gel forms. Thus we wanted to determine the optimal time at which to dip the
solution. We examined the evolution of silicate and surfactant species with static light scatter-
ing, dynamic light scattering, and #Si NMR.

The NMR measurements show that for an [Si] = 1.38 M solution, Q°% oy form after ~10
minutes, Q! species form after ~30 minutes, Q? species begin to form after ~60 minutes, and Q3
and Q* species begin to form after ~70 minutes. From light scattering measurements we see that
the species in solution — micelles, and partially hydrolyzed alkoxide monomers and oligomers —
do not grow significantly in size for about 1 h in a 1.38 M silica solution. From the dynamic
light scattering we see that the hydrodynamic radii of the primary species in solution (presuma-
bly micelles encrusted with charged silicate ions and bromide ions) are only about twice the size
of the micelle radii water:methanol solution. The chemical gels that form at ~90 minutes are
amorphous in X-ray diffraction and therefore are not a desired product. Thus we find the optimal
time window to deposit the coating solution is between 10 and 60 minutes. In this range the
silicate precursor have begun to hydrolyze so they wet more hydrophilic substrates, and the
silicate species are still small so they do not frustrate the transformation to PMS.

Optimizing Film Thickness, Coverage, and Uniformity

The 4+1 approach leads to periodic mesoporous silica films, but the film thickness,
coverage, and uniformity has to be optimized. The ultimate thickness of the film is determined
by the coating conditions, that is, spin speed or withdrawal rate of the substrate, along with the
initial silica concentration. The coverage depends on the initial concentration of silica in the
coating solution. Figures 4 and 5 show the difference in coverage for a film made from a [Si] =




0.40 M solution versus one made from a [Si] =
1.38 M solution. The coverage is continuous
and complete for the latter, whereas it is not
continuous for the former. In general we find
that for continuous coverage it is best to use
solutions that have an initial silica concentration
of ~1.3 M or greater.

The uniformity of the films depends on the
wetting characteristics of the solution and the
differences in evaporation rate of the compo-
nents of the liquid phase. The preferential
evaporation of methanol in a water:methanol
system leads to two rather severe problems:
(These systems give films with the longest range
order of the hexagonal pore system and are thus
preferred). in thin films it rapidly concentrates
the fluid in water, which causes the surface
tension to increase and the solution to dewet, and
it leads to macroscopic convective rolls in the

o ! ‘ liquid which can cause films to have nonuni-

trapsm{ssmn electron micrograph of thick film made f hicknesses and incomplete covera

as in Figure 5. The film was scraped off the substrate OITT - {0V(E I0EeE ) ncomp ) .ge'

so that it could be imaged in transmission. (These rolls can be imaged with an optical
microscope by placing polystyrene latices in a
water: methanol mixture.)

To reduce the difference in evaporation rates of the water and methanol, we built a simple
controlled atmosphere chamber (CAC). The coating solution is in a vial within the chamber. The
bottom of the chamber is filled with a water:methanol mixture so that the fugacity of the metha-
nol in the liquid at the bottom of the chamber approximately matches that in the coating solution
on the film. This leads to essentially no net evaporation of methanol from the coating solution,

which slows the dewetting and leads to films with complete, continuous coverage and uniform
thickness. :

Figure 6. Low magnification (scale bar = 500 nm)

Microstructure and Sorptive Properties

Scanning electron microscopy and transmission electron microscopy, Figure 6, shows
that the PMSTFs consist of aggregated submicron ellipsoidal or spherical particles. X-ray
diffraction and transmission electron microscopy reveal that within each particle there is a
periodic hexagonal array of 1-dimensional, unimodal 3 nm channels. The primary particle size
tends to be 20-100 nm when ammonia gas is used as catalyst and ~150-500 nm when sodium
hydroxide is used as a catalyst. ,

PMSTF were coated on ST-cut surface acoustic wave (SAW) devices. The coated
devices were calcined at 500 °C in air to remove the organic template from the film. Films less
than 1pm did not crack during the calcination procedure. Films greater than ~lpum thick had
large cracks after calcination and were not considered further. Nitrogen sorption measurements
at 77 K were performed on a calcined film that are <1 pm thick using an apparatus that continu-
ously varies the relative ratio of N, and the nonadsorbing carrier gas He from N,:He = 0.03 to 1.0
[11]. From BET analysis of the region from P/P, = 0.10 to 0.18 in the adsorption branch, the
surface area enhancement is ~145 cm#cm?. From this value we conservatively estimated the
film surface area per gram is ~300 m?/g based on a film thickness of 1 pm and a bulk density of
~0.5 g/ec [12].




" " CONCLUSIONS

We have developed and optimized the synthesis of periodic mesoporous thin films from
homogeneous solution. The keys to continuous films with complete coverage are: controlling
formation kinetics through the use of TMOS as the silica source, the addition of the catalyst in
the form of ammonia gas, the use of a controlled atmosphere chamber to control evaporation of
the coating solution, and the use of concentrated coating solutions. The films exhibit large
surface areas. Films deposited on SAW devices maximize the device sensitivity and provide a
size selective porous coating in which the pore diameter can be tuned from 15 to 50 A.
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