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The preparation of sol—gel-derived silica films incorporating macroscopic polarity gradients is
reported for the first time. Such materials are likely to find broad applications in chemical
separations, combinatorial catalysis, and biological sensing. Polarity gradients were prepared by
an “infusion-withdrawal dip-coating” procedure that produces a sol of time-varying composition.
Tetramethoxysilane (TMOS) and methyltrimethoxysilane (MTMOS) were employed as the pre-
cursor silanes. Gradient deposition was accomplished by first suspending a substrate in a TMOS-
derived sol. Synchronized syringe pumps were then used to slowly infuse a MTMOS sol into the
deposition reservoir while the mixed sol was simultaneously withdrawn at a higher rate. The
difference in infusion and withdrawal rates caused the sol to slowly recede down the substrate
surface, mimicking a dip-coating process. Film polarity was characterized by doping the films with
Nile Red (NR), a fluorescent, polarity-sensitive probe. NR fluorescence spectra acquired as a
function of position along the films provide strong evidence for the presence of macroscopic,
unidirectional polarity gradients in these materials. As expected, more polar environments are found
at the top of each film and less polar environments at the bottom. Water contact angle data provide

supporting evidence, consistent with the presence of a polarity gradient.

Introduction

The preparation of films and surfaces incorporating
physical and chemical (i.e., compositional) gradients is a
topic of contemporary scientific interest.' ~'* “Function-
ally graded” materials,” incorporating gradients in pola-
rity, porosity, ionic site density, thickness, molecular
weight, etc.,"**71° have potential applications as statio-
nary phases for chemical separations,” as materials for
combinatorial catalysis,'' and as absorbent/adsorbent
layers for use in chemical or biological sensors.'? Related
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surface gradients have been used to regulate adhesion of
cells,>'>* direct the growth of neurons,’ and even drive
the transport of liquids."”

A wide variety of approaches have been used to prepare
gradient materials.*> Representative examples include
solution'® and gas phase'’ surface modification of or-
ganic polymers; deposition of polymers from prepolymer
solutions;'®!” solution and vapor phase diffusion and
surface modification using alkanethiols'>!® and organo-
silanes;'>** and deposition of polymers'®*' and mani-
pulation of surface reactive species'” by electrochemical
means. Of the range of possible approaches, some of the
simplest and most common involve dip-coating.* Addi-
tional examples and further discussion of alternative
methods and materials can be found in recent reviews
on soft matter gradients.*> The methods described in
these reviews constitute an extensive toolbox for the
spatial and temporal control of materials properties.
However, the continued exploration and implementation
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of alternative materials chemistries in the preparation of
gradients is also required if the true potential of these
methods is to be fully realized. As eloquently stated by
Wang, Haasch, and Bohn “... the utility of anisotropic in-
plane gradient surfaces scales directly with the range of
chemical and physical properties that can be accessed and
manipulated ...”"°

The sol—gel process represents an important and
convenient route to the preparation of a virtually unli-
mited range of materials having a wide range of physico-
chemical properties. Although simple silica materials can
be prepared via the acid-catalyzed hydrolysis and con-
densation of tetramethoxysilane (TMOS),** %* more
complex organic—inorganic hybrid materials can be pre-
pared using mixed sols containing one or more orga-
noalkoxysilanes (R-Si(OR)s, where R and R’ represent
organic groups).>> %’ In this work, we show for the first
time how temporal control over the sol composition can
be utilized to prepare thin silica films with functionally
graded properties. The range of gradients that can be
prepared by this approach is virtually unlimited due to the
enormous selection of commercially available organoal-
koxysilanes. Importantly, materials composition and pro-
perties can be altered by simply changing the precursors
employed. In spite of its potential utility, the sol—gel
process has seldom been employed in the preparation of
gradient materials®® and much remains to be learned
about the range of materials and properties that can be
accessed.

In this paper, an “infusion-withdrawal dip-coating”
process is employed for the preparation of silica films
incorporating macroscopic polarity gradients. Glass and
silicon substrates were coated with sols of time-varying
composition produced by slowly mixing TMOS- and
MTMOS-based sols together. The time-varying sol com-
position led to a steady decrease in film polarity along
the substrate surface. The gradients thus prepared were
characterized by fluorescence spectroscopy, using Nile
Red (NR). NR was selected because its fluorescence emis-
sion is highly sensitive to materials polarity*>*® and
because it has been used previously for characterization
of sol—gel-derived materials in both ensemble’’ and
single molecule**** spectroscopic studies. Water contact
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angle measurements'>!%3*3 were used to obtain sup-
porting evidence for gradient formation. The fluores-
cence spectra obtained from NR-doped films exhibited
a monotonic, position-dependent blue shift from the top
of the film to the bottom, indicative of a decrease in film
polarity from top to bottom. Similarly, water contact
angle measurements showed a monotonic increase in the
contact angle from top to bottom.

Experimental Section

Sample Preparation. Glass coverslips (Fisher Premium) and
silicon wafers (Silicon Inc.) were both employed as substrates.
Prior to use, all substrates were cleaned in fresh Piranha solution
(Caution: Piranha solutions are extremely dangerous and react
violently with organic materials); they were subsequently cleaned
a second time in an air plasma. This two-step process ensured
rigorous removal of all organic contaminants.

Adhesion of the precursor alkoxysilanes during gradient de-
position was improved by first coating the substrates with a silica
sublayer. Tetramethoxysilane (99%, TMOS, Fisher) sols were
prepared for this purpose in a 1:11.5:5.1:0.006 (TMOS:H,O:
Ethanol:HCI(0.1 M)) mole ratio and were allowed to age for
1 day prior to use. The clean substrates were subsequently spin-
coated with these sols and dried in a desiccator for 1 day. The
resulting coatings were uniform and had thicknesses of ~180 nm,
as determined by both profilometry and ellipsometry.

Production of silica film polarity gradients employed a time-
varying mixture of two different sols. The first was a TMOS sol
prepared in a 1:80:5.3:0.095 (TMOS:Ethanol:H,O:NH4,OH(1 M))
mole ratio and subsequently aged for 6 h. The second was any of
several different sols prepared using methyltrimethoxysilane
(97%, MTMOS, Fisher). Typically, sols were prepared using
different volumes of ethanol and constant water concentration.
These sols were prepared in 1:10:4:0.072, 1:20:8:0.072, and 1:40:
13:0.072 (MTMOS:Ethanol:H,O:NH4OH(1 M)) mole ratios
and were aged for 6 h. The sol aging time was selected after
experimentation with sols aged for both shorter and longer
times. Shorter aging times yielded thinner films, whereas longer
times yielded films of increased thickness and roughness. It was
concluded that 6 h aging yielded the most acceptable films (i.e., of
reasonable thickness and relatively small roughness). All sols are
designated throughout this manuscript by their silane to ethanol
mole ratios, i.e., as 1:10, 1:20, and 1:40 MTMOS sols.

Gradient films were deposited on the sublayer-coated sub-
strates in a custom built glass reservoir designed to simulta-
neously minimize sol volume, decrease sol evaporation and
allow for stirring of the sol mixture. A diagram of the apparatus
and a photograph of the reservoir are shown in Figure 1. The
glass reservoir includes a rectangular upper region having
dimensions of 3.5 cm x 0.5 cm x 3.0 cm (L x W x H) that
was designed to admit one-inch-wide substrates. The lower
portion of the reservoir was comprised of a small cylindrical
vial (D = 1cm, H = 1 cm). Two small glass tubes were installed
at fixed locations inside the reservoir for infusion and with-
drawal of the sols. All depositions were performed with the
reservoir mounted atop a pneumatic vibration isolation table,
with the reservoir housed in a closed Plexiglas box maintained
at ~50% relative humidity and ~20 °C.
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Figure 1. (A) Diagram of “infusion-withdrawal dip-coating” apparatus
used to prepare silica film gradients and (B) photograph of the deposition
reservoir. Synchronized syringe pumps are used to (1) infuse an MTMOS
sol into the (initially) TMOS-filled reservoir and (2) withdraw the result-
ing mixed sol from the reservoir. The withdrawal rate is set faster than
infusion so that the sol slowly recedes down the face of the substrate.

Deposition of silica film polarity gradients was accomplished
as follows. A sublayer-coated substrate was first suspended in
the middle of the reservoir. The initial TMOS sol was then trans-
ferred into the reservoir, submersing all but the top 2—3 mm of
the substrate. The MTMOS sol selected for a given deposition
was then loaded into a syringe, which was mounted in a syringe
pump (NE-1000, New Era Pump Systems, Inc.). The syringe was
attached to the reservoir via flexible plastic tubing. Gradient
deposition proceeded by slowly infusing the MTMOS sol into
the reservoir. The mixed sol contained in the reservoir was
simultaneously withdrawn using a second, synchronized syringe
pump also attached to the reservoir through flexible plastic
tubing. The infusion pump was set to deliver MTMOS sol at a
rate of 10.0 mL/h, while the other was set to withdraw 14.2 mL/h
of mixed sol. The sol within the reservoir was carefully stirred at
a constant rate, using a magnetic stir bar throughout this
process. Prior to the start of deposition, it was verified that sol
stirring produced no detectable movement of the sol surface.
The difference in infusion and withdrawal rates led to a steady
decrease in the height (~ 0.3 mm/min) of the sol in the reservoir.
The entire “infusion-withdrawal dip-coating” process lasted
for ~1 h, producing an overall change of ~1.2 — 1.5 cm in sol
height. After deposition, residual sol clinging to the bottom of
the substrate was gently removed using a Kimwipe. The final
gradient films were dried in a desiccator for 1—2 days.

Preparation of dye-doped silica gradients was performed on
sublayer-coated glass coverslips and proceeded exactly as de-
scribed above, except that both sols incorporated Nile Red (NR)
at ~1 uM concentration. In some cases, gradients were simulta-
neously prepared on two coverslips, using the same sol mixture.
In this case, the two substrates were assembled back-to-back
with a thin film of glycerin between them. The thin layer of
glycerin prevented silica deposition on the backside of the
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substrates. Without the glycerin layer, inadvertent coating of
the substrate backside was found to interfere with the determi-
nation of polarity properties from the NR emission.

Nongradient silica films having uniform composition
and polarity properties were prepared to aid in interpretation
of data obtained from the gradients. For this purpose, TMOS
(TMOS:H>O:ethanol:NH4OH = 1:80:5.3:0.095) and MTMOS
(MTMOS:ethanol:H,O:NH,OH =1:10:4:0.072) sols were pre-
pared as described above and aged for 6 h. One- and two-
component sols containing different mole fractions of TMOS
and MTMOS were then obtained by mixing appropriate
amounts of each of these sols. Sols containing 0, 20, 40, 60, 80,
and 100% MTMOS (relative to total silica content) were pre-
pared and vigorously mixed for 20 min. These sol mixtures were
then either spin-coated (100 uL, 5000 rpm, 30 s) or dip-coated
onto both clean and sublayer-coated substrates. Dip-coating of
these sols employed the same apparatus and similar methods
employed to prepare gradient films. In this case, a single syringe
pump was used to slowly withdraw sol from the deposition
reservoir. All such films were dried in a desiccator at room
temperature for 1—2 days prior to use.

Characterization. The thickness of each sample was charac-
terized on a macroscopic scale by spectroscopic ellipsometry
(a-SE, J.A. Woollam), whereas thickness and roughness on a
microscopic scale were characterized by surface profilometry
(XP-2, Ambios Technology; Santa Cruz, CA). All ellipsometric
measurements were performed on samples cast on silicon sub-
strates, whereas profilometry data were acquired from films cast
on both glass and silicon substrates.

Spectroscopic ellipsometry has been employed previously
for characterization of film thickness and optical constants in
multilayer’® and nonuniform gradient’ films. To determine
film thickness as a function of position, ellipsometric data
were acquired at 1(+0.2) mm intervals along the films. Data
were acquired from approximately the same locations (i.e.,
within £0.2 mm) both before (TMOS sublayer alone) and after
gradient deposition. The films were modeled as transparent
layers on silicon, with dispersion in the films described by the
Cauchy relationship.*® Data obtained from TMOS sublayers
alone could all be modeled with similar parameters (e.g., Cauchy
A parameter =1.426, B = 0.00698, and C = —0.00049). The
gradient overlayers were modeled as a second layer atop the
TMOS sublayer (Cauchy 4 parameter =1.25, with B, C, and
gradient thickness adjusted to fit the data). In all cases, the film
thickness values determined by ellipsometry were consistent
with those obtained from profilometry measurements.

Static sessile-drop water contact angle measurements were
performed on a home-built apparatus run by software written
in-house. A Navitar camera was used to record droplet images.
In these experiments, 2.5 uL. drops of deionized water were
deposited at regular intervals on the samples. Images were
acquired 3 s after addition of each drop to the sample surface,
allowing for stabilization of the contact angle. Automated
routines incorporated into the instrument software were used
to determine contact angles.

Fluorescence spectra were obtained from NR-doped gradient
and nongradient films using a home-built fluorescence micro-
scope. Light (~1 W) from a green HeNe laser (543.5 nm) was
used to excite fluorescence in the samples. This light was focused
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into the back aperture of a 50x (0.55 numerical aperture) air
objective, producing a 20 um diameter spot in the sample. The
same objective was used to collect the sample fluorescence and
direct it through a holographic notch filter (Kaiser Optical) and
into a 0.15 m spectrograph (Acton Research). A liquid-N»-
cooled CCD (Princeton Instruments) was used to record the
spectra. Spectra were taken every 1(£0.2) mm along gradient
samples, using a 30 s integration time.

Results and Discussion

Model for Sol Composition. The “infusion-withdrawal
dip-coating” procedure employed in gradient preparation
produces a sol of time-varying composition. Predictions
of the sol composition at each instant in time can be
readily obtained from a simple mathematical model of the
process. The rates of change for the TMOS and MTMOS
concentrations in the deposition reservoir are defined by
the following two differential equations:

dCrmos(r) _ Ctmos (1) Fout 0
dr Vioil(t =0) = (Fout — Fin)t

dCwmrmos () _ Cmrmos, bFin — Cyvtmos () Fout 2)
d¢ Viol(t =0) — (Four — Fin)t

Here, Vi (z = 0) is the initial sol volume (10 mL) in
the deposition reservoir. Ctyvos(f) and Cyrvos(f) repre-
sent the time-dependent concentrations of TMOS and
MTMOS in the reservoir, whereas Cytmos.b» represents
the time invariant concentration of MTMOS in the
infusion sol. Finally, Fi, and F,,; are the volume flow
rates for the infusion and withdrawal processes. Solution
of the above two equations yields the following expres-
sions describing Cryvos(?) and Cyrvos(?)

V ¢ Fom/(Foul _Fi“)
Crmos () = Crmos(t = 0)( o) )

Vsol(t = O)
3)
FA
Cmtmos(f) = Cvr™os, b Fi
out

VSOI(Z) Fout/(Fou — Fin)
(1 ) (m) @

where, V(f) is the instantaneous sol volume in the
reservoir (i.e., Vioi(t = 0) — (Foue — Fin)t). The results
of these calculations were subsequently used to deter-
mine the time-dependent mole fraction, Ryiravos(f) =
Cyvrmos(D/(Cyrrmos(?) + Crmos(1)), of MTMOS in the
sol. Figure 2 plots these results for different MTMOS sol
concentrations (i.e., for 1:10, 1:20, and 1:40 MTMOS
sols). As shown in the figure, different recipes are ex-
pected to yield sols of slightly different compositions,
suggesting that gradients having different compositional
properties can be prepared.

Optical Inspection of Films. Optical inspection was
employed to judge the overall quality of the gradient films
obtained. Figure 3A shows a representative photograph of
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Figure 2. Plots of time-dependent Ry;ravos(t) for 1:10 (solid line), 1:20
(dashed line), and 1:40 (dotted line) MTMOS sols.
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Figure 3. (A) Photograph of a silica film gradient on a silicon wafer (with
TMOS sublayer). (B) Position-dependent thickness determined by ellip-
sometry for a gradient prepared by “infusion-withdrawal dip-coating”
using a 1:10 MTMOS sol. Overall film thickness (open triangles), thick-
ness of TMOS-coated substrate (open circles), and gradient thickness
(solid squares) are shown.

a gradient on a sublayer-coated silicon substrate. This
particular film was derived from a 1:10 MTMOS sol.
It is 1.3 cm wide and the gradient is 1.8 c¢cm in length.
It is most noteworthy that a general trend from dark to
light is observed from top to bottom along the gradient
film. Colorful interference lines are also observed. These
run across the film (i.e., perpendicular to the gradient
dimension) and appear at “random” locations along the
gradient. Observation of the sol during dip-coating in-
dicated that the sol surface was free from any vibrations
that might cause such lines. Furthermore, films deposited
without stirring also exhibited interference lines. Because
gradient deposition was performed on a pneumatic vibra-
tion isolation table and in a closed Plexiglas chamber, it is
unlikely that mechanical vibrations and air currents
caused these lines. Extensive additional studies performed
with a conventional dip-coater suggest their appearance is
directly related to the sol deposition mechanism and
therefore cannot be easily eliminated. The appearance of
the interference lines will be discussed further, below.
Here, it is sufficient to note that film thickness variations
as small as a few tens of nanometers™® can result in color
changes similar to those observed.

Film Thickness and Surface Roughness. The thicknesses
of the TMOS sublayers and gradient films cast on silicon
substrates were determined using spectroscopic ellipso-
metry. Film thickness was measured at 1 mm intervals
both before and after gradient deposition in approxi-
mately the same locations (i.e., within £0.2 mm) in each
case. Figure 3B shows representative position-dependent
thickness data acquired from a 1:10 MTMOS gradient.
Shown are thickness values for the overall film, the

(38) Hecht, E. Optics; Addison-Wesley: Reading, MA, 1987.
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TMOS sublayer, and the gradient itself. Surface profilo-
metry measurements performed on similarly prepared
films yielded thickness values consistent with all ellipso-
metry data. These data show that the TMOS sublayer is
relatively uniform across the substrate and ~180 nm
thick. The gradient film, however, shows a clear decrease
in average thickness along the gradient dimension. In this
sample, the gradient film thickness is greatest at the
top, yielding a value of ~130 nm, and gradually decreases
to ~10 nm thick at the bottom. Gradients prepared from
1:20 and 1:40 MTMOS sols showed the same film thin-
ning trends but no clear dependence in thickness on
MTMOS sol concentration (data not shown). Film thin-
ning is partly a result of variations in the influence of
stirring (as the deposition region gradually approaches
the stir bar) but could also include contributions from
differences in the wetting of the sublayer by the time-
varying mixed sol, differences in the degrees of hydrolysis
and condensation of TMOS and MTMOS, differences
in the rates at which these two precursors attach to
the sublayer, or differences in the sol viscosities.>**°
Future investigations will seek to better understand this
phenomenon.

Surface roughness was determined by profilometry.
Representative roughness data for a gradient prepared
from a 1:10 MTMOS sol are shown in the Supporting
Information (Figure S1). These data, taken together with
other profiles acquired in several regions on a number of
other films, depict a mean surface roughness of 12 + 4 nm
(root-mean-square, rms), as measured over 400 ym dis-
tances (20 measurements, 5 different samples). Surface
roughness on this scale is dominated by features sepa-
rated by ~50 um (on average) and running across the film.
On a larger scale, the roughness is dominated by features
(not shown) of millimeter spacing, also running across the
film. These features correspond well with the lines ob-
served in the optical images (see Figure 3), indicating that
the height (i.e., film thickness) variations observed are the
cause of the colorful interference lines. Importantly, as
shown in Figure S1 in the Supporting Information, the
roughness does not vary dramatically across the gradient.
Analysis of data from several samples indicates the rough-
ness at the top of the gradient is, on average, ~ 50% greater
than at the bottom.

The exact origins of the randomly positioned film
thickness variations and interference lines are unknown
at present. However, after extensive experimentation and
consideration of published literature, it is very likely that
they result from a combination of the sol deposition
mechanism described by Brinker**** and the pinning
and release (i.e., stick—slip) of the sol contact line with
the substrate surface.*!

As described by Brinker and co-workers, sol de-
position during dip-coating occurs primarily in the upper
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regions of the meniscus formed at the sol—substrate—air
interface. In this region, evaporation of solvent (primarily
ethanol)®” and capillary flow** leads to concentration
of the silica precursors and water at the top of the
meniscus.*” As a result of the high silica and water
concentrations, hydrolysis and condensation, and hence
silica deposition, occur most rapidly in this region. Rela-
tively little silica deposits on the substrate from the bulk of
the sol.

It is commonly expected that the meniscus recedes
down the substrate at a uniform rate. However, the
contact line between the sol and substrate may become
briefly pinned at a fixed location, later releasing and
rapidly dropping to a new location where it is again
pinned. Such a “stick—slip” process provides a mechan-
ism for delivery of variable quantities of silica precursor
to the substrate surface during “infusion-withdrawal dip-
coating.” “Stick—slip” processes of this type have re-
cently been used in contact-line printing experiments for
controlled placement and organization of nanomate-
rials.*! It is likely this same process leads to the small
variations in film thickness (i.e., the interference lines)
observed in the present silica film gradients. On the basis
of this model, and after extensive experimentation, we
have concluded that the ~12 nm rms roughness observed
on 400 um length scales is the best that can be achieved
using the present methods.

Fluorescence Measurements of Film Polarity. The pri-
mary objective of the present work is to produce silica
films incorporating polarity gradients. Polarity along the
gradient direction in films prepared as described above
was probed by entrapping the solvent-sensitive dye NR in
the film. NR has been used in the past to probe the
polarity properties of a wide range of liquid and solid
environments.””~ It is one of the most solvent sensitive
fluorescent probes, exhibiting a dramatic bathochromic
shift (of ~100 nm) in its emission spectrum between
nonpolar (i.e., hexane) and polar (i.e., water) solvents.?’
In the present experiments, NR was doped into both
gradient and nongradient silica films at ~1 uM concen-
trations.

NR Emission from Nongradient Films. NR emission
spectra were initially recorded for a series of nongradient
TMOS and MTMOS films. These experiments provided
valuable information on the NR emission characteristics
for films of different polarities. Emission spectra were
first acquired from single-component, nongradient films
that had been prepared on TMOS sublayer-coated cover-
slips using dip-coating methods similar to those used in
gradient preparation (see Experimental Section). The
fluorescence emission maxima for TMOS and MTMOS
derived films appeared at ~640 and ~618 nm, respec-
tively, reflecting the significant polarity differences of
these films. These emission maxima were found to be
similar to those obtained from spin-coated TMOS and
MTMOS films prepared both without and with TMOS

(42) Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S. R.;
Witten, T. A. Nature 1997, 389, 827-829.
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sublayers (~ 650 and ~605 nm, and ~643 and ~615 nm,
respectively). The shift in NR emission between spin-
coated MTMOS films prepared without sublayers and
those obtained by dip-coating on TMOS sublayers show
that penetration of NR into the sublayer has only a
modest effect on the results.

A series of one- and two-component, nongradient silica
films derived from 0, 20, 40, 60, 80, and 100% MTMOS
sols (relative to total silane) were also investigated. Emis-
sion spectra obtained as a function of MTMOS mole
fraction in the nongradient films provide a clear view of
the hypsochromic shift exhibited by NR upon a change
from TMOS-derived films to MTMOS-derived films.
Figure S2 (see Supporting Information) shows NR fluor-
escence spectra obtained from several different films
prepared using different mole fractions of MTMOS. In
order to more quantitatively assess the polarity charac-
teristics observed for films prepared using different
TMOS and MTMOS mole fractions, a “polarity frac-
tion” (PF) was defined. The PF was calculated directly
from the NR emission spectra by measuring the average
NR fluorescence in 10 nm wide bands centered at 605 nm
(reflecting nonpolar environments) and 650 nm (polar
environments) and determining the fraction of the total
emission that occurred in the 605 nm band. The PF is
expected to increase with increasing methyl content of the
films. PF values of 0.25 and 0.60 were obtained for
nongradient spin-coated TMOS and MTMOS films
(without sublayers), respectively.

Figure 4A plots the PF values obtained as a function of
MTMOS mole fraction in nongradient films dip-coated
onto TMOS-sublayer-coated substrates. A monotonic
and nominally linear increase from 0.30 to 0.58 is ob-
served in the PF value as the mole fraction of MTMOS in
the dipping sol increases from 0 to 80%. The similarities
in the PF values obtained from spin-coated and dip-
coated films in the absence and presence, respectively,
of a TMOS sublayer provides supporting evidence that
the polarity results are not dramatically altered by pene-
tration of the dye into the TMOS sublayer.

NR Emission from Gradient Films. NR spectra recorded
from the gradient films clearly demonstrate the presence
of a polarity gradient. The PF values obtained as a
function of position along each of three different gradi-
ents are plotted in Figure 4B. Representative NR fluor-
escence spectra are shown in Figure 4C. The PF data
show a clear monotonic increase from the top (0 mm) of
the film to the bottom. The PF values obtained from the
gradients are somewhat smaller than those of the dip-
coated nongradient films. For example, the 1:10:4
MTMOS gradient exhibits an initial PF of 0.24, while a
nongradient 0% MTMOS (100% TMOS) film yields
0.30. At the other end of the same gradient, a PF of
0.42 is obtained, whereas a nongradient 80% MTMOS
film yields 0.58. These results suggest the gradient films
are slightly more polar than the nongradient films. These
polarity differences likely result from differences in the
deposition process in each case. The nongradient films are
deposited from a static, homogeneous mixture of two
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Figure 4. (A) Polarity fraction (PF) as a function of MTMOS mole
fraction for one- and two-component nongradient (dip-coated) films. The
solid line has been appended to better depict the trend in the data.
(B) Polarity fraction as a function of position for gradient samples. The
top of the gradient corresponds to 0 mm. Shown are data from 1:10
(open squares), 1:20 (open triangles) and 1:40 (open circles) MTMOS
gradients. The error bars represent the average standard deviation
obtained from measurements on at least three different samples in each
case. (C) Representative NR fluorescence spectra (normalized) for a 1:10
MTMOS gradient taken from the top (solid line), middle (dashed line),
and bottom (dotted line) of the gradient.

sols, whereas the gradients are deposited from a time-
varying mixture, which never exactly duplicates the con-
ditions under which the nongradient films were depo-
sited. Nevertheless, all three gradients (see Figure 4B)
show PF values that are similar to those of the nongra-
dient films, suggesting similar variations in the methyl
content of the gradients.

Interestingly, all three gradients show similar PF values
(within experimental error) along their lengths, although
the measured values become more variable toward the
bottom of the gradients (see Figure 4B). As shown in
Figure 2, the compositions of the sol mixtures from which
the films were grown are expected to be distinctly differ-
ent, with higher MTMOS concentrations leading to
greater methyl content at intermediate times. Such differ-
ences in the sol composition would be expected to appear
in the final films as well, with greater methyl content
observed in intermediate gradient regions, when rela-
tively high concentration MTMOS sols are employed.
The apparent insensitivity of the gradients to MTMOS
concentration is again attributable to the details of silica
deposition. Differences in the MTMOS sols arise prima-
rily from dilution with ethanol. Because ethanol evapora-
tion occurs efficiently from the top of the meniscus,*
the concentration of silica precursor in the deposition
region is likely more similar than otherwise expected from
the composition of the original sol. As a result, little
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Figure 5. Contact angle in degrees for (A) one- and two-component
nongradient (dip-coated) films and (B) a 1:40 MTMOS gradient, both on
TMOS sublayer-coated substrates. The solid lines have been added to
better depict trends in the data. The error bars show the standard
deviations obtained from multiple measurements performed on each
sample.

dependence of the final film properties (PF and thickness)
on sol concentration is observed.

Water Contact Angle. Additional evidence for the
formation of silica film gradients was obtained from
sessile-drop water contact angle measurements.'>!63%3>
The incorporation of methyl groups in sol—gel materials
derived from MTMOS makes them more hydrophobic
than those prepared from TMOS, leading to an expected
increase in contact angle running down the gradient.

As in the fluorescence measurements described above,
variations in the contact angle attributable to methyl
modification were initially explored for one- and two-
component nongradient films (dip-coated and spin-
coated on TMOS-sublayer-coated substrates) prepared
from sols of differing MTMOS and TMOS mole frac-
tions. The results for dip-coated films are plotted in
Figure 5A. A monotonic increase in water contact
angle was observed for films derived from 0% to 80%
MTMOS sols. For pure TMOS, the water contact angle
was 45°, whereas for 80% MTMOS, it was 80°. A similar
trend was observed for spin-coated nongradient films.
These contact angle values are consistent with those
reported previously for related “nonporous” sol—gel-
derived silica films,**~*° but are significantly smaller than
those of porous MTMOS-derived superhydrophobic
aerogels.***" Deviation from the observed trend at
100% MTMOS is attributed to the formation of nonuni-
form/discontinuous films in this case. Film nonunifor-
mity is evidenced by increased film roughness that is
observable by eye.
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Water contact angles were also measured as a function
of position along each of the silica film gradients.
Figure 5B plots representative contact angle results for
a 1:40 MTMOS gradient. The gradient film shows a
monotonic trend similar to that obtained from the non-
gradient films, exhibiting contact angles of 37° at the top
of the gradient, and 61° at the bottom. Data obtained on
1:10 films were indistinguishable from those obtained
from 1:40 films. These data are consistent with the pre-
sence of a methyl-modified silica gradient running from
top to bottom. The differences in contact angles obtained
from gradient and nongradient films are attributed to
differences in the preparation methods (i.e., time-varying
sol mixtures in the former, homogeneous mixtures in the
latter) and differences in surface roughness. It is well-
known that variations in surface roughness can cause
variations in the contact angle,*®* making quantitative
comparisons between data sets difficult. Surface rough-
ness specifically leads to observed contact angles that are
smaller and larger, respectively, than expected on hydro-
philic and hydrophobic surfaces.*** As noted above,
profilometry data shows the roughness is ~50% greater
at the top of the gradient than at the bottom, suggesting
the contact angles at the top of the gradient may be
depressed due to increased roughness. It is concluded
that although roughness variations may enhance the
trend in contact angle along the gradients, these data
remain consistent with the presence of a polarity gradient.

Conclusions

Silica thin films incorporating polarity gradients have
been prepared for the first time using an “infusion-with-
drawal dip-coating” procedure. The gradient is formed by
immersing a substrate into a sol whose composition is
varied as a function of time in a controlled fashion. Silica
films incorporating spatially varying properties are de-
posited as the sol is withdrawn down the substrate sur-
face. Results from fluorescence spectroscopy and contact
angle measurements provide evidence that the films ob-
tained incorporate polarity gradients derived from in-
creasing concentrations of methyl-modified silica.
Although in this work sols of time varying TMOS and
MTMOS content were used to form polarity gradients on
glass slides and silicon wafers, it is anticipated that the
infusion-withdrawal dip-coating procedure could be used
with nearly any combination of organoalkoxysilanes to
prepare gradients whose composition/functionality gra-
dually changes across the film. Polarity gradients like
those prepared herein have a variety of potential applica-
tions as stationary phases for chemical separations, as
solid supports for combinatorial catalysis and as supports
for biological sensors. The continued development of
sol—gel methods for producing silica film gradients will
provide new routes to unique thin film materials of
spatially controlled chemical and physical properties.
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As shown in previous studies from our group™* and

from the Brennan group,’' microscopically heteroge-
neous films are often obtained from mixtures of sepa-
rately hydrolyzed sols. Future studies of these gradients
will include investigations of such heterogeneity by im-
plementation of atomic force and single molecule micro-
scopy methods.
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