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and C. Jeffrey Brinker*

Surfactant-templated mesoporous materials have attracted
much attention due to their unique structures and potential
applications.[H] Synthesis of these materials involves the for-
mation of surfactant-inorganic nanocomposites via co-assem-
bly of surfactant and inorganic species and subsequent surfac-
tant removal to create mesoporous materials with controlled
pore structures (e.g., hexagonal or cubic arrangement of pores
or lamellar nanostructures!'*>!) and with various macroscopic
forms (e.g., powders,[l’“] particles,[HO] thin films,®"'° and
fibers[”’ls]). Mesoporous thin films are of particular interest
because of their potential applications as sensors, membranes,
and low dielectric constant films."*!*?°! Synthesis methods
include solution deposition'*?!! and solvent evaporation-in-
duced self-assembly (EISA).[#13151622] 1y the solution deposi-
tion method, thin films spontaneously nucleate and grow from
acidic aqueous silicate solutions containing high concentra-
tions of surfactant. This slow deposition process (time scale of
hours to days) usually results in hexagonally ordered granular
thin films with pore channels oriented parallel to the substrate
surface. The EISA route deposits thin films using a rapid dip-
or spin-coating process (time scale of seconds), during which
solvent evaporation enriches the concentration of silicate and
surfactant, inducing their co-assembly into mesostructured,
defect-free surfactant-silicate thin films.'>%!

This research describes a novel approach that combines
aerosol deposition* 2! and EISA to fabricate mesostructured
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MATERIALS

thin films. As shown in Figure 1, this method starts with an
acidic precursor solution containing a silica source and surfac-
tant. Solvent evaporation from the aerosol droplets enriches
them in silicate and surfactant and induces their co-assembly
into semi-solid mesostructured particles.[xl These semi-solid
particles then further coalescence on the substrate resulting in
a continuous mesostructured thin film with no evidence of its
original particle morphology. Compared with the dip-coating
or spin-coating processes, this method can rapidly deposit me-
sostructured thin films with easily controlled mesostructures
on large-scale planar and non-planar substrates.

Figure 1 shows the scheme of the aerosol deposition appa-
ratus. The atomizer (TSI Model # 3076) was operated under
laminar flow conditions using 2.6 L min™ of N, as the carrier/
atomization gas. The heating zone was maintained at 150 °C
or less. The residence times for the entrained aerosol particles
in the drying and heating zones are approximately 3 s each.
Introduction of HCI vapor into the reactor was conducted
using a coaxial tube positioned at the center of the heating
zone. Thin films were deposited on silicon substrates or holey
carbon transmission electron microscope (TEM) grids for a
period of seconds to minutes in the manner shown in Figure 1.
The thickness of the deposited thin films (up to several mi-
crometers) is controlled by the deposition time.

Representative TEM images shown in Figure 2 for a series
of B56, P123, and F127 surfactant-templated thin films dem-
onstrate that the mesostructure is tunable depending on the
templating surfactant utilized. The mesostructured thin film
in Figure 2A was templated with B56 surfactant, deposited on
a silicon substrate, and calcined at 400 °C for 1 h in air to re-
move the surfactant. This calcined B56 thin film exhibits a
highly ordered cubic mesostructure with a unit cell parameter
of 64 A (d10o=064 A), which is similar to those of dip-coated
or spin-coated thin films.*”l Note that one-dimensional
shrinkage upon calcination may distort the thin film meso-
structure and result in a “brick-like” structure as shown in Fig-
ure 2A.132 Such ultra-thin (=400 A thick) mesostructured
thin films with three-dimensional pore channels should exhib-
it a low transport resistance and thus are useful for membrane
and separation applications. Figure 2B,C show TEM images
of an uncalcined thin film deposited using P123 surfactant.
They indicate a continuous hexagonal mesostructure oriented
parallel to the substrate with a unit parameter of around
98 A. The swirling pattern of the tube bundles (Fig. 2C)
shows no preferred orientation in plane, which is consistent
with the low bending energy of the tubules and the inability of
the liquid—vapor interface to impose long-rage order on the
tubule assembly process.'>"® A TEM plan-view image
(Fig. 2D) of a thin film prepared using F127 surfactant dem-
onstrates the formation of a continuous, ordered, mesostruc-
tured thin film with a unit cell parameter of around 170 A.

Figure 3 shows the XRD patterns of calcined B56-tem-
plated and uncalcined P123-templated thin films deposited on
a silicon wafer. The B56-templated thin film exhibits a sharp
cubic (200) reflection at 32 A, consistent with the TEM result
shown in Figure 2A. The P123-templated thin film shows an
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Fig. 2. TEM images of the aerosol-deposited mesostructured thin films.
A) Cross-section image of a calcined B56-templated thin film; B) cross-section
and C) plan-view images of a uncalcined P123-templated thin film; D) plan-
view image of a F127-templated thin film.

intense hexagonal (100) reflection at 98 A along with higher
order (200) and (300) reflections. Note the absence of (110)
and (210) reflections due to pore channel orientation parallel
to the substrate surface.”! Calcination of the P123-templated
thin film results in a similar XRD pattern but with the (100)
reflection at a lower d-spacing (70 A). Combination of the
TEM and XRD results indicates that mesostructured thin
films can be readily prepared using surfactant self-assembly in
combination with the aerosol deposition technique.
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Fig. 3. X-ray diffraction of the aerosol thin films deposited on silicon wafers
using B56 and P123 surfactants.

A possible formation mechanism for these thin films in-
volves the coalescence and subsequent mesostructural trans-
formation of the semisolid surfactant-silica nanocomposite
particles on a substrate, causing a transition from spherical
particles to planar thin films. During the aerosol process, the
EISA of silica and surfactant results in the formation of semi-
solid spherical particles containing lamellar, cubic, or hexago-
nal mesostructures. Since the degree of silica condensation is
low,! these semi-solid particles may coalesce into a thin film
to decrease their curvature and to minimize surface energy
upon their deposition on a flat substrate surface. The transfor-
mation from a spherical to a planar morphology results in
meso-scale structural reassembly within the thin films. Ac-
cording to this proposed mechanism, an increased degree of
silica condensation should promote particle solidification and
inhibit coalescence and mesostructure reassembly.

We examined this hypothesis by increasing the heating zone
temperature or by introducing HCl vapor to promote silica
condensation reactions.”” Plan-view TEM images in Figure 4
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Fig. 4. TEM images of the thin films deposited on TEM grids using B56 surfac-
tant at 60, 120, and 150 °C.

and XRD scans in Figure 5 of the silica-B56 thin films depos-
ited using 60, 120 and 150 °C heating zone temperatures dem-
onstrate that an increase in temperature decreases the degree
of ordering. Figure 4 clearly indicates that an increase in the
deposition temperature results in a change in the thin film
morphology from a continuous long-range ordered mesostruc-
ture, to a continuous short-range ordered mesostructure, and
finally to partly coalesced particles with an ordered vesicular
structure similar to previously reported results.!! XRD of the
film deposited on silicon wafers at 60 °C (see Fig. 5) shows an
intense narrow peak accompanied by a second order peak,
suggesting that the film contains highly ordered mesostruc-
tures. With an increase of deposition temperature, the diffrac-
tion peaks become weaker and wider with the absence of the
second order peak, showing that the degree of mesostructure
order decreases. These results clearly indicate that a relatively
low heating zone temperature creates a more ordered thin
film because a less condensed silica network promotes coales-
cence of the particles, reassembly of the mesostructure, and
formation of a continuous mesostructured thin film.

Figure 6 shows a TEM image of the mesostructured silica—
P123 particles exposed to HCIl vapor during their deposition
onto a TEM grid. It clearly shows partially coalesced particles
composed of a well-evolved and stiffened silicate mesostruc-
ture. Although the deposition process is conducted at room
temperature, the HCI vapor catalyzes silica condensation re-
actions, ‘freezing’ the coalescence and reassembly process at
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Fig. 5. X-ray diffraction of the aerosol thin films deposited on silicon wafer
using B56 and P123 surfactants at 60, 120, and 150 °C.

Fig. 6. TEM images of coalescing silica-P123 mesostructured particles with
evolving mesostructures frozen by the HCI vapor.

an intermediate stage. Comparison of the particulate hexago-
nal mesostructure shown in Figure 6 and those shown in
Figures 2B,C clearly suggests that the mesostructures of the
deposited thin films are developed by mesostructure reassem-
bly. These temperature change and HCI experiments strongly
support the mechanism proposed above and indicate that a
relatively low degree of silica condensation reaction favors
particle coalescence, mesostructure reassembly, and the for-
mation of a continuous mesostructured thin film.

We have developed a new approach towards mesostruc-
tured thin films using combined surfactant self-assembly and
aerosol deposition techniques. The formation mechanism in-
volves solvent evaporation-induced self-assembly of aerosol
droplets with subsequent mesostructure reassembly and parti-
cle coalescence on a substrate. A lower degree of silica con-
densation favors particle coalescence, mesostructure reassem-
bly, and the formation of continuous mesostructured thin
films. A higher degree of silica condensation inhibits this reas-
sembly and results in the formation of particles or mesostruc-
tured thin films with a less ordered mesostructure. These tech-
niques are simple and can potentially be used to prepare
ultra-thin or large-area mesostructured films on various sub-
strates.
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Experimental

Precursor solutions were prepared by mixing 1.25 g of surfactant, 1.2 mL of
0.07 M HCI, 0.6 mL of water, 20 mL of ethanol, and 10 mL of stock solution.
The stock solution was prepared by refluxing tetraethoxysilane (TEOS,
Si(OCH,CH3;),), ethanol, water, and dilute HCI (molar ratio: 1:3.8:1:5 x 10'5) at
60°C for 90 min [27]. The surfactants used were Brij-56 (B56, CH3(CH,);s-
(OCH,CH,);o-OH), Pluronic-P123, (P123, (EO),0(PO)70(EO),), and Pluro-
nic-F127, (F127, (EO)105(PO)70(EO),0s), where EO is ethylene oxide and PO is
propylene oxide. Calcination of the thin films conducted at 400 °C in air for 3 h
using a heating rate of 1°Cmin™ resulted in homogenous crack-free thin films.
The mesostructure was characterized using TEM (JEOL 2010 apparatus) oper-
ated at 200 KV and a Siemens D500 X-ray diffractometer (XRD) with Ni-fil-
tered CuKa radiation at A =1.5418 A.
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Anisotropy in the Mobility and Photogeneration
of Charge Carriers in Thin Films of Discotic
Hexabenzocoronenes, Columnarly
Self-Assembled on Friction-Deposited
Poly(tetrafluoroethylene)**

By Jorge Piris, Michael G. Debije, Natalie Stutzmann,
Anick M. van de Craats, Mark D. Watson, Klaus Miillen,
and John M. Warman*

One of the main driving forces behind the intense study of
discotic liquid crystalline materials since their discovery more
than a quarter of a century ago,“] has been their potential
application in molecular electroluminescent, photovoltaic,
and field-effect transistor devices. Harnessing their unique
properties of columnar selforganization, selfhealing, and one-
dimensional (1D) conduction has, however, proven elusive. A
considerable advance in this direction was the finding by Zim-
mermann et al.? that uniaxial orientation of a mesomorphic
derivative of triphenylene could be achieved by spin-coating
onto a friction-deposited layer of poly(tetrafluoroethylene)
(PTFE). More recently, van de Craats and co-workers™* have
shown that an oriented PTFE layer can induce the macro-
scopic columnar alignment of mesomorphic hexabenzo-
coronene derivatives (HBCs) by surface self-assembly from
solution. Uniaxial columnar alignment over several square
centimeters, even in the absence of a primer layer, has also
recently been achieved by zone-casting directly onto a glass
substrate.l”! In this work, we show that the mobility of charge
carriers in PTFE-aligned HBC films is highly anisotropic with
transport along the columns favored by more than an order of
magnitude. Interestingly, the optical absorption and photo-
generation efficiency of mobile charge carriers can display
either a large or almost no anisotropy, depending on whether
the aromatic cores of the columns are oriented perpendicular
to or are tilted by close to 45° with respect to the columnar
axis. In the former case, optical absorption is favored for light
polarized perpendicular to the preferred direction of charge
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