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Synthesis of Surfactant-Templated Silica Films with Orthogonally Aligned Hexagonal
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Thin silica films with orthogonally aligned hexagonal close-packed cylindrical structure are synthesized by
dip coating silica precursors and poly(ethylene oxid@)lyproplyene oxide (PE©GPPO) triblock surfactants

(P123) onto modified glass slides. All films cast from this sol display 2D hexagonal pore stru@ured. 2

nm) under transmission electron microscopy (TEM). However, X-ray diffraction (XRD) shows that confining
freshly deposited films between two chemically neutral modified slides completely aligns the pores toward
the direction orthogonal to the substrate. Equally effective alignment is obtained by using slides modified
with either a random PE©PPO copolymer or P123 itself. The channels in films cast onto unmodified slides,
onto modified slides which are exposed to air, or onto modified slides which are exposed to unmodified glass
slides align at least partially parallel to the substrate. Parallel mesophase alignment is also observed in a
control experiment with a sol containing the nonionic surfactant template decaethelyne glycol hexadecyl
ether (Brij-56) sandwiched between copolymer-modified slides because the surfaces are not chemically neutral
toward Brij-56. This study confirms that it is possible to use substrate surface chemistry to control the orientation
of mesophases in mixtures of reactive silicates and low molecular weight nonionic surfactant templates.

Introduction an alternative to achieve accessible pdfédHowever, bicon-
tinuous pore structures allow diffusion to occur laterally in
addition to the preferred direction and therefore cannot be used
to prepare arrays of isolated nanostructures. Orthogonally
aligned cylindrical channels are needed for nanotemplating and
for avoiding lateral diffusion. Forming these structures by
surfactant templating provides a direct route to a wider range
of pore sizes, pore spacing, and matrix materials than have been

Since mesoporous ceramic films with 2D hexagonal close
packed (HCP) cylindrical pores were first prepared by surfac-
tant-templated coating procesdésresearchers have sought
methods to prepare HCP cylindrical pore structures oriented
orthogonal to the film$:# This orientation would provide an
array of well-defined, unidirectional, and uniformly sized pores
with a minimal path length through the film. Like the close- btained usi dized alumi
packed pore arrays of anodized alumina, this structure could OPtaIned using anodized ajumina. . . .
be used for many applications including membrane separations, It has been shown that the macroscopic orientation of 2D

sensor components, and nanoscale templates for arrays mHCP mesoporous silic_a domai_ns within the plane of the film
nanorods, nanotubes, and other structBfeglectrochemical can be controlled by using flow fields and substrate topolégy.

etching of the oxide layer of aluminum is an established method Ee}gialtorthogonfll alignmenft thas Ibegn ?ghi%\é?d by us(;ng flow
to produce large uniform arrays of cylindrical pores in chemi- I€l0s to generale arrays ot topological de fy seeding
cally and thermally robust film&® However, the size of the the films with nanoparticle& or by using controlled evapora-

e .
pores in anodized alumina is limited to the range from 10 to toN-> However, none of these methods has permitted complete
100 nm2:10 orthogonal alignment of the pores. Truly orthogonal pores were

recently reported by growing SBA-15 (mesoporous silica
prepared using PEEGPPO triblock copolymer as template)
within the pores of anodized alumiA&This approach takes
advantage of the parallel alignment of the surfactant micelles
at the surface of the alumina pores, but presents the SBA-15
mesopores over only a fraction of the area, and still necessitates
an alumina matrix. If the orientation of the micelles were
controlled during synthesis, we should be able to create pure
silica (or other metal oxide) films.

Examples of orthogonal thin film mesostructure alignment
are available in the diblock copolymer literature. Electric
gields?‘*22 directional crystallizatioR?® solvent vapor treat-

Dip coating of ceramic precursors with self-organizing pore
templates (such as surfactants or block copolymers) offers an
alternative approach to the synthesis of thin nanoporous metal
oxide films!! This is a rapid, controllable technique, and
removal of the structure directing agents from these films leaves
uniform, ordered pores comparable to the size of the micelle
templates (in the range of-2L0 nm). Using cationic and
nonionic surfactants, Lu et alwere first able to conclusively
demonstrate the formation of films with well-ordered 2D HCP
arrays of cylindrical channels. However, application of these
materials for nanotemplating is limited because preferential
interactions between the headgroups of the surfactant molecule 4 ) 20 .
and the substrate aligns these cylindrical channels parallel oment’ chemically 3]2atterned surfacés®® and engmeere_d
the substraté.This parallel orientation makes the pores inac- Surface topograpifj>*have all been successfully used to align

cessible. Cubic bicontinuous pore structures have been used alhe microdqmaing in block copolymer films. In add.ition to these.
methods, simulations have shown that one can align anisotropic

* To whom correspondence should be addressed. Phone: 1-859-257-Mesophases perpendicular to the substrates by eliminating
9799. E-mail: srankin@engr.uky.edu. preferential interactions between the blocks of the amphiphile
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and the substrate. This approach has processing advantage® this mixture under constant stirring. The resulting solution
because it requires no specialized field-generating equipmentwas dip-coated onto clean glass slides, and the slides were aged
or lithographic pattern generating methods. Both self-consistentat 120°C overnight to drive the isocyanat@ydroxyl reaction
field theory and Monte Carlo simulations have suggested that to completion. The same procedure was used to cross-link P123
AB block copolymer lamellar mesophases should align parallel using 0.696 mM copolymer.
to walls that interact with a strong preference for either  The coating solution was prepared by addition of a solution
block 32735 Neutral walls, which have no strong preference for of P123 to a prehydrolyzed silica sol following the procedure
either block, align the lamellae perpendicular to the wa8> of Liu et all® First, tetraethoxysilane (TEOS), ethanol, water,
A more recent density functional theory study confirms the same and HCI (mole ratio 1:3.8:1:(5 107%)) were refluxed at 70
trend for asymmetric block copolymers which form HCP °C for 90 min. Then, the remaining water and HCI were added,
mesophase¥.Monte Carlo simulations of Rankin et al. confirm  increasing the concentration of HCI to 7.34 mM. After stirring
that orthogonal alignment is predicted for short nonionic this mixture at 25°C for 15 min, the sols were aged at 50
surfactant HCP mesophases confined between chemically neutrafor 15 min. The required amount of P123 was dissolved in
walls 37 ethanol, and this solution was added to the above aged silica
The theoretical predictions about the effects of substrate sol with constant stirring. The final mole ratios were 1:22:5:
chemistry on block copolymer mesophases orientation have beer0.004:0.01 TEOS:&Hs0H:H,O:HCI:P123. Slides were dip-
beautifully confirmed by the preparation of orthogonally aligned coated with this sol at a withdrawal speed of 7.6 cm/min. Plain
polystyrene-poly(methyl methacrylate) (PSPMMA) block or modified slides were used as substrates. After coating a
copolymer films in a number of studies by Russel and modified slide, an identically modified slide was placed in
co-workers3¢-41 However, all of the polymers used have high contact with one side of the freshly coated slide. The films were
molecular weights (70 06680 000), so even if one block is  then aged and dried at 4C for 24 h and at 100C for 24 h.
selectively removed to create poréshe spacings are still on  To explore the effect of the relation between the surface and
the order of>20 nm. To the best of our knowledge, no one has the surfactant chemistry, films were also prepared under identical
yet reported using a chemically neutral surface to align the conditions, but with Brij-56 (primarily HO(€H40)10C16H33)
anisotropic mesophases in surfactant-templated ceramics. Subreplacing P123 in the sol. The mole ratio of Brij-56: TEOS was
strate surface chemistry has been explored only by comparing0.0555:1. In the discussion below, P123 will be the surfactant
films prepared on the hydrophobic surface of graphite to those unless Brij-56 is specifically mentioned.
prepared on hydrophilic surfaces such as mica and silica. The thickness of each film was measured using a Dektak 6M
Consistent with the predictions of simulatiofisthe HCP Stylus profilometer with a diamond stylus. X-ray diffraction
channels align parallel to the substrate whether the surface iS(XRD) patterns were collected with a Siemens (D-5000)
hydrophilic or hydrophobié? Orthogonal alignment should be  diffractometer using Cu & radiation § = 1.540 98 A). The
achieved on a chemically neutral surface, as we test here. Pathin films were analyzed in BraggBrentano geometry without
et al. recently suggested that because mesophases formatiofurther preparation. Pieces of mesoporous film were scraped
coincides with silica polycondensation, the possibility to align off the slides and deposited onto lacey carbon transmission
and manipulate mesophases may be limited for surfactant-electron microscopy (TEM) grids. TEM images were recorded
templated sotgel films#3 However, Cagnol et al. were able to  on either a JEOL 2000FX or a JEOL 2010F microscope operated
modulate the phase of cetyltrimethylammonium bromide (CTAB)- at 200 kV.
templated silica by adjusting the humidity after film deposititn. P123 (BASF), Brij-56 (Aldrich), TEOS %X99%, Fluka),
We hypothesize that the mobility of silicates after dip coating deionized ultrafiltered water (Fisher), anhydrous ethanol (Aaper
is sufficient to allow mesophase reorientation when chemically Alcohol & Chemical), acetone (HPLC grade, Fisher), glycerol
neutral surfaces are present. (99+%, Aldrich), DH (98+%), and random copolymer (75%
We will use triblock surfactant P123 as a pore template, which EO, M, ~ 12 000, Aldrich) were all used as received.
has an average composition HGKZO),o( CsHgO)7o(CoH4O)20H.
Zhao et al. have previously used P123 to prepare thin films Results and Discussion
with 2D HCP pore structure (oriented parallel to silicon wafers)
by dip coating®® Our strategy will be to modify glass slides by
cross-linking a thin film of PEG-PPO random copolymer on

We start by confirming that the sol forms 2D hexagonal close
packed cylindrical channels in films cast onto unmodified slides

their surfaces or by cross-linking a thin film of the template under the conditions used. Following the proc_edure .described
copolymer itself on their surfaces. Both of these modification 2P0Ve. we yv?jref able tf(: prspare't'ranspzrgnt'fllmbs without any
procedures will result in chemically neutral surfaces for the P123 Macroscopic defects after deposition and drying by using P123

templating agent which we use, but the average size of the PEQ@S & structure-directing_agent. The_thickness pf the films was
and PPO domains on the modified surfaces differs between f0UNd 1o be 240 nm using the profilometer. Figure 1a shows
them. We will show that, under the right conditions, these the XRD pattern of material which was coated on an unmodified

modified slides can be used to prepare orthogonally oriented glass slide. We can clearly see _the (100) reflection anc_l its
P123-silica films with HCP mesophases structures. second-order reflection. The spacing of the (100) planes is
around 5.5 nm. Unlike powder products which show all HCP

reflections, no (110) reflection is observed due to preferential

orientation of (100) planes parallel to the substfét&his
Before coating, all of the borosilicate glass substrates were observation is consistent with what others have reported for

cleaned in a 7:3 mixture of concentrategS®, (96—98 wt %) hexagonal phases, and we have confirmed that the pore structure

and 30% aqueous#,. Some of the slides were then modified is stable after calcination at 55C for 4 h in air (results not

by cross-linking either P123 or a PE®PO random copolymer. ~ shown).

To a solution of 0.415 mM random copolymer in acetone was  We modified some of the glass slides by cross-linking a thin

added a drop of glycerol to act as a cross-linker. An equimolar film of PEO—PPO random copolymer on their surfaces. We

amount of 1,6-diisocynatohexane (DH) was then added dropwisethen coated these modified slides with the silica sol. A similarly

Experimental Section
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Figure 2. XRD patterns of P123-templated silica thin films (a) coated
on a random copolymer-modified slide and exposed to an unmodified
slide or (b) coated on a P123-modified slide and exposed to an

c unmodified slide. XRD patterns of Brij-56-templated films (c) coated
o on a random copolymer-modified slide and exposed to a similarly
b’ modified slide or (d) coated on a P123-modified slide and exposed to

a similarly modified slide.

N5 orthogonally away from the plane of the substrate. The presence
a of a significant amount of parallel-oriented domains would give
— rise to detectable reflections.

1.4 1.9 24 2‘_9 34 3.9 The second way that we modified the surface of the slides
20 was to cross-link a thin film of the template copolymer itself
) o (P123) on the surface before coating it with the silica sol. This
Figure 1. XRD patterns of P123-templated silica films coated on an was done as a test to see whether the blockiness of the PEO
unmodified slide (a); coated on a slide on which random copolymer e . -
and PPO groups on the modified surface influences the ability

was cross-linked before coating and exposed to (b) a similarly modified . .
slide or (c) air; or coated on a slide on which P123 was cross-linked Of the copolymer to act as a neutral surface. The simulations

before coating and exposed to (d) air or (e) a similarly P123-modified that predicted perpendicular orientation were based on chemi-
slide. The patterns were offset vertically for clarity, and trace e was cally uniform surfaced?37 so it was unknown how the size of
cut off at a value above which no features are seen. the surface modifier blocks would affect orientation. During

modified slide was placed in contact with the coated slide 29ing, the film was again confined between identical modified
immediately after coating and kept there during drying and Surfaces. Figure le shows the XRD pattern obtained from the
aging. Parts b and c of Figure 1 show the XRD patterns obtainedSide which was kept in contact with a similarly modlfle_d shde_.
from two different sides of the same modified, coated slide. !t d0€s not have any reflections, as opposed to the side which
The side which was in contact with a similarly PEO-ran-PPO Was in contact with air (Figure 1d). For the side in contact with
modified slide showed no reflections in the XRD pattern (Figure &f, thedioo Spacing is 5.2 nm. The absence of reflections in
1b), while the other side of the slide displays two well-resolved Figure 1e shows that a surface modified with polymer blocks
peaks corresponding to the (100) plane and its second-order""hose size is comparable to that of the surfactant t_emplate can
reflection (Figure 1c). Similar to the film coated on an still act as a chemically neutral surface for the alignment of
unmodified slide, the (100) spacing for this material (on the ~ Mesostructures.
side not sandwiched with another modified slide) is 5.5 nm.  To see if the absence of reflections in films sandwiched
The thicknesses of this and the other films cast onto modified between modified slides was just because of confinement or if
slides were in the range of 248 5 nm, consistent with the it was really a surface effect, we coated some silica films on
films prepared on unmodified slides. There was no evidence in modified slides (random copolymer or P123 modified) and
the thickness profiles of any silica film being pulled off when placed an unmodified glass slide in contact with the films
the slides were separated after aging. immediately after coating. The film was thus sandwiched
As described by Hillhouse et al., when the HCP cylindrical between one chemically neutral surface and one hydrophilic
mesostructure is oriented perpendicular to the substrate, we dosurface during aging. Figure 2a shows the XRD pattern from a
not expect to see any peaks in the XRD pattern because thefilm sandwiched between one random PERPO copolymer
scattering vector does not lie in the plane of the sample in modified slide and one unmodified slide. Figure 2b shows the
conventional BraggBrentano geometr§f However, the HCP XRD pattern from a film sandwiched between one P123-
phase does not need to be perfectly perpendicular to themodified slide and one unmodified slide. In both cases we can
substrate; HCP domains can have a distribution of angles with clearly see the (100) reflection and its second-order reflection.
respect to the substrate and still show no reflections. Thus, theThe digo in Figure 2a is 5.2 nm and in Figure 2b is 5.5 nm.
absence of XRD reflections from a film that was confined This demonstrates that it is important to sandwich these films
between two random PECPPO copolymer modified surfaces between two chemically neutral surfaces in order to observe
during aging only demonstrates that the HCP phase is orientedcomplete orthogonal alignment.

Intensity (Arbitrary Units)
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Figure 3. TEM image of sample coated on unmodified slide and
scraped off.

To confirm that chemical neutrality of the substrate is the
reason for the orthogonal alignment, we also prepared silica e by e
films in which P123 was replaced with the nonionic surfactant b -

Brij-56. This surfactant has a short PEO headgroup and a shortFigure 4. TEM images of pieces of P123-templated silica thin film
alkane tail, rather than a PPO tail. The small size of the scraped from the random copolymer-modified glass substrate. Panels

e a and b are two views of the material scraped from the film sandwiched
su.rfactantlcompared to the PE@PO bIOCk,S’ and ",[S dlﬁergnt between two random copolymer-modifiez slides, and c is a view of
tail chemistry, should cause different interactions with @ the material scraped from the side exposed to air.
modified surface than are seen for P123. Figure 2c shows that
the Brij-56-templated film sandwiched between random co-
polymer-modified slides gives a distinct reflection consistent
with the hexagonal phase of Brij-56-templated films with the
channels aligned parallel to the substrakégure 2d shows the
same parallel orientation for a Brij-56-templated film sand-
wiched between P123-modified slides. These observations
demonstrate the importance of the modified surface being
designed so that it is neutral toward the specific chemistries
present in the surfactant template that is being used.

Up to this point, we have been taking the loss of X-ray
reflections as an indicator of orthogonal alignment. The absence
of X-ray reflections provides better statistical evidence for
orthogonal alignment than TEM, since films with some or-
thogonal alignment sometimes also contain domains with
parallel alignment:l” However, X-ray reflections could also
disappear if the long-range order were simply lost. We dif-
ferentiate between these possibilities by using TEM to directly
image the pore ordering in the material. An XRD pattern from
a modified surface showing no peaks coupled with TEM images
which show hexagonal ordering is sufficient for us to conclude
that we have a 2D HCP pore structure oriented orthogonal to . : -
the substrate. Figure 5. TEM images of pieces of P123-templated silica thin film

Figure 3 shows the TEM mage of mateial removed rom el fo0 e s ket PLS ot gees e,
an uandI.ﬂed. slide. The piece of fllm.shown contains close- P123-modifiez slides, and (b) material scraped from the side exposed
packed cylindrical channels, which in Figure 3 are viewed from . i
the edge. Thel spacing obtained from XRD is consistent with
the channel spacing in the TEM images. This confirms that e refiections is not due to loss of order,but to alignment of the
form a well-ordered 2D HCP cylindrical phase on unmodified o jinqrical pores orthogonal to the substrate. The TEM image
slides using P123 as a template with the recipe described aboveof material removed from the other side of the same film (which

The (100) and (200) reflections in the XRD pattern indicate . . . Aaf
that the (100) plane of cylinders in the HCP structure lies parallel was In contlact with air) shows the same well-defined HCP
structure (Figure 4c).

to the substraté® = .
Figure 4 shows the TEM image of material obtained by  We have a_Iso modified the surface of glass _shdes by_ Cross-
scraping material from a slide which was modified with cross- linking P123 itself on the surface. A representative TEM image
linked PEO-ran-PPO. Parts a and b of Figure 4 are two views of the material scraped off from the side of a slide which was
of material removed from the film which was dried and aged confined with another P123-modified slide is shown in Figure
between two modified slides. We can clearly see regions with 5a. This image, along with the absence of reflections in the
hexagonal cylindrical patterns (Figure 4a) and stripe patterns XRD pattern obtained from this same side of the film, confirms
showing that we have channels rather than spherical poresthat we are able to prepare a 2D HCP mesophase orthogonal to
(Figure 4b). These images show that the absence of XRD the surface. Figure 5b shows that the same HCP pore structure
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