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ABSTRACT: We demonstrate the formation of molecular monolayers of 7-
conjugated organic molecules on nanocrystalline TiO, surfaces through the
thermal grafting of benzyl and aryl halides. X-ray photoelectron spectros-
copy and Fourier-transform infrared spectroscopy were used to characterize
the reactivity of aryl and benzyl chlorides, bromides, and iodides with TiO,
surfaces, along with controls consisting of nonhalogenated compounds. Our
results show that benzyl and aryl halides follow a similar reactivity trend (I >
Br > Cl > H). While the ability to graft benzyl halides is consistent with the

well-known Williamson ether synthesis, the grafting of aryl halides has no

similar precedent. The unique reactivity of the TiO, surface is demonstrated using nuclear magnetic resonance spectroscopy to
compare the surface reactions with the liquid-phase interactions of benzyl and aryl iodides with tert-butanol and -butoxide anion.
While the aryl iodides show no detectable reactivity with a tert-butanol/tert-butoxide mixture, they react with TiO, within 2 h at
50 °C. Atomic force microscopy studies show that grafting of 4-iodo-1-(trifluoromethyl)benzene onto the rutile TiO,(110)
surface leads to a very uniform, homogeneous molecular layer with a thickness of ~0.45 nm, demonstrating formation of a self-
terminating molecular monolayer. Thermal grafting of aryl iodides provides a facile route to link 77-conjugated molecules to TiO,
surfaces with the shortest possible linkage between the conjugated electron system and the TiO,.

B INTRODUCTION

The integration of m-conjugated molecules with metal oxide
surfaces provides a way to combine the tunable electronic and
chemical properties of organic molecules with the mechanical
and electronic properties of inorganic semiconductors, as
demonstrated by recent advances in dye-sensitized solar
cells.”™* The overall properties of such hybrid systems are
often dominated by the interfacial chemistry that connects the
organic molecules with the inorganic substrates. While a
number of different molecule-to-surface linkages have been
investigated,”® most research on TiO, makes use of simple
carboxylate linkages, linking the molecular systems to the
surface via the electrostatic binding between the carboxylate
groups and the exposed, coordinatively unsaturated Ti** atoms
present at the surface.””® Other approaches to functionalization
of TiO, have included use of silanes,'*~"¢ phosphonic acids,
and phosphonates,"®™° formation of ether hnkages from
alcohols,”" and photochemical grafting of alkenes.”>** The
desire to improve the overall stability and electron-transfer
properties of molecules at surfaces leads to continued interest
in the development of new approaches for linking 77-conjugated
molecules to TiO, and other inorganic semiconductors.
Surfaces of TiO, in both anatase and rutile phases expose Ti
and O atoms having coordination numbers N lower than the
bulk values of N = 6 for Ti and N = 3 for oxygen. Under
ambient conditions, water dissociates on the surface, with the
H" ions protonating exposed O atoms and OH™ groups
bonding to exposed Ti ions. TiO, surfaces have at least two
distinct types of —OH groups, referred to as “terminal” and
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“bridging” hydroxyl groups, as depicted in Figure 1.**** The
former arises from —OH groups binding to undercoordinated
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Figure 1. Reaction of aryl halides (top) and benzyl halides (bottom)
with hydroxyl groups on the TiO, surface. Both terminal and bridge-
bonded hydroxyl groups' are shown.
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Ti ions, while the latter arises from H" binding to surface
oxygen atoms that are bound to two Ti ions (instead of 3 as in
the bulk). The net result is a surface partially covered with
—OH groups. The number, type, and protonation state of the
hydroxyl groups can be further manipulated through processes
such as exposure to acidic or basic conditions or by heat
treatments. Under ambient conditions on microcrystalline
samples, the density is typically 3—4 —OH groups/nm?>**
covering roughly 20—40% of the available surface sites.

Instead of using electrostatic bonding of carboxylate groups
to the surface Ti ions, an alternative approach to binding
molecules to TiO, surfaces under benchtop (nonvacuum)
conditions is to develop new surface linkagzes based on the
chemistry of the surface hydroxyl groups.”>*® Previous work
showed that exposing TiO, samples in vacuum to ethyl iodide
vapor followed by heating to >100 °C yielded surface ethoxy
groups, and subsequent work showed that exposing TiO, to
iodobenzene vapor in vacuum followed by heating to >150 °C
for 2 h produced surface phenoxy groups.”® Recently, we
showed™ that liquid alkyl iodides form monolayers on
hydroxylated TiO, surfaces under near-ambient conditions
(mild heating), as a convenient route to functionalized TiO,
surfaces via simple benchtop chemistry.

The interaction of organic halides with surface hydroxyl
groups appears formally equivalent to the well-known
Williamson ether synthesis of organic chemistry.>' In the
Williamson ether synthesis, an organic alcohol R—OH (usually
deprotonated to form the alkoxides, R—O~) reacts with an alkyl
halide R'—X to form the ether linkage while eliminating HX:

R-OH + R'—X—-R-0O-R’ + HX

The Williamson ether synthesis readily takes place with
benzyl and primary alkyl halides via a bimolecular nucleophilic
substitution (Sy2) mechanism.>* While this reaction is facile at
the sp>-hybridized carbon atoms of benzyl and primary alkyl
halides, similar etherification reactions with aromatic halides
such as aryl halides (in which a halide is directly bonded to a
benzene ring) are much less effective and typically proceed by
nucleophilic aromatic substitution or radical reaction mecha-
nisms, if they proceed at all.>>™*® Despite these difficulties, the
possibility of using aromatic halides as a pathway to molecular
layers on surfaces such as TiO, is of significant interest because
the resulting structure would have a direct linkage between the
O atoms of a (hydroxylated) TiO, surface and a C atom whose
electrons are part of the 7-conjugated electron system of the
molecule. Figure 1 illustrates the binding configurations on a
TiO, surface that would result from surface hydroxyl groups
reacting with aryl halides and benzyl halides.

Here, we report an investigation of the interactions of aryl
and benzyl halides with TiO, surfaces using X-ray photo-
electron spectroscopy (XPS), Fourier-transform infrared
(FTIR) spectroscopy, and atomic force microscopy (AFM).
We use the compounds 4-halo-1-(trifluoromethyl)benzene and
4-halomethyl-1-(trifluoromethyl)benzene, depicted in Figure 1,
as model systems. Our results show that aryl and benzyl iodides
will readily graft to TiO, with cleavage of the C—I bond with
only mild heating, leading to phenyl-terminated molecular
layers. AFM images of the sample reacted with the aryl iodide
show formation of smooth, homogeneous molecular layers.
Some reactivity is also observed for the bromo-compounds,
while the chloro-compounds show little or no reactivity. The
results demonstrate the ability to form well-defined molecular
layers in which 7 conjugation extends directly to the molecule-
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surface bond. Because interfacial charge transfer is largely
controlled by the degree of overlap of the wave functions of the
molecule and substrate,”*”*® this approach may provide a
convenient route to improved TiO,—molecule interfaces with
facile charge-transfer properties.

B EXPERIMENTAL SECTION

Preparation of TiO, Nanocrystalline Thin Films. Nanocrystal-
line TiO, films were made using a commercially available paste (Ti-
Nanoxide T20/SP, Solaronix, Switzerland) containing 20 nm diameter
anatase TiO, nanoparticles. The TiO, paste was screen-printed onto
substrates consisting of single-crystal Si(001) wafers with a thin
evaporated Ti film to provide good adhesion to the TiO,. Substrates
used for XPS experiments used a Ti film 100 nm thick on low-
resistivity (<0.1 Q cm) wafers to provide good electrical conductivity.
For infrared studies, we used high-resistivity, float-zone-refined
Si(001) wafer and a thinner (20 nm) Ti film; the thin Ti film
provides good adhesion of the nanoparticle film to the Si substrate
while also reducing optical interference effects that otherwise arise
from reflections at the TiO,—Ti interface. On all samples, the TiO,
film was prepared by screen-printing. The resulting nanoparticle film
was immediately dried at 110 °C and then annealed by gradually
heating to 500 °C over 30 min, followed by an additional 15 min at
500 °C. Immediately before use, the TiO, nanoparticle films received
either an acid-piranha treatment (Caution! Piranha solution is
extremely dangerous, and proper safety precautions must be followed)
or a NaOH (pH = 11) treatment for 20—30 min. The piranha solution
consisted of a mixture of 98% concentrated H,SO, and 30% hydrogen
peroxide in a 3:1 volumetric ratio. Samples were then rinsed a
minimum of three times with isopropanol and dried with N, after each
rinse.

Preparation of Single-Crystal TiO, Samples. Single-crystal
rutile TiO, (110) (Crystek) samples were ultrasonically agitated in
methanol for 10 min and then placed below a low-pressure Hg lamp in
air for 30 min; 185 nm light from the lamp generates a small amount
of ozone that removes traces of organic contamination. Afterward, the
samples received an HF etch (48 wt % in water) for 30 min before
being annealed for 2 h at 900 °C. Directly before use, samples received
either an acid-piranha treatment or a base (pH = 11) treatment for
20—30 min. Samples were then rinsed a minimum of three times with
isopropanol and dried with N, after each rinse.

Thermal Grafting of Halogenated Organic Compounds to
TiO, Surface. Grafting reactions were performed by immersing TiO,
samples into neat organic compound and heating in an oven; exposure
to light was minimized to avoid photochemical reactions. All grafting
compounds were used as received from Sigma-Aldrich except for
iodomethyl-TFMB, which is not commercially available and was
therefore synthesized and purified as described in the Supporting
Information. A range of reaction times was explored; unless otherwise
specified, data reported here used a reaction time of 24 h. Grafting
experiments were conducted at a temperature of 50 °C for all reactions
except those involving iodomethyl-TEMB. Because the melting point
of this compound is higher than 50 °C, all reactions using it were
conducted at 80 °C. Upon reaction completion, all samples were
rinsed a minimum of three times with isopropanol and dried with N,
after each rinse.

Reactivity of lodo Compounds toward tert-Butanol. Reac-
tions of 1-(iodomethyl)-4-(trifluoromethyl)benzene and 1-iodo-4-
(trifluoromethyl)benzene with fert-butanol were performed under
the same reaction conditions as those used for the TiO, samples. tert-
Butanol was chosen because its tertiary structure mimics the geometry
of TiO, surface hydroxyl groups. In some experiments, sodium tert-
butoxide (Aldrich, 97%) was used to explore the reactivity of the
deprotonated alcohol. Reaction progress was monitored by NMR
spectroscopic analysis.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spec-
troscopy (XPS) was performed using a custom-built XPS system
(Physical Electronics Inc., Eden Prairie, MN) consisting of a model 10-
610 K, X-ray source (1486.6 eV photon energy) with a model 10-420
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toroidal monochromator and a model 10-360 hemispherical analyzer
with a 16-channel detector array; electrons were typically collected at
an emission angle of 45° from the surface normal. The analyzer was
typically operated with a 58.7 €V pass energy that yielded an analyzer
energy resolution of 0.88 eV. Procedures for analyzing XPS data and
converting to coverages are described in the Supporting Information.

Fourier-Transform Infrared (FTIR) Spectroscopy. Infrared
spectroscopy was performed using a Bruker Vertex 70 FTIR
spectrometer with a Veemax II variable-angle single-bounce reflection
accessory. A liquid nitrogen cooled HgCdTe detector was used.
Measurements were made with a resolution of 4 cm™" at a 50° angle of
incidence from the surface normal using p-polarized light. Reference
(background) samples consisted of Si samples with an evaporated 20
nm Ti film that received the same heat treatment as the actual samples.
Absorbance spectra were measured before and after reaction and then
subtracted to eliminate absorption features of the TiO, film itself and
bring out the changes induced by the surface reactions. In some cases,
broad areas of the spectra were fit to sixth degree polynomials (using
data points only in areas where no absorption features were observed)
to reduce remaining curved backgrounds.

Atomic Force Microscopy. Atomic force microscopy (AFM)
experiments were performed in contact mode using a Multimode
Nanoscope IV instrument. Measurements of the molecular layer
thickness were performed at higher sample-tip forces to scratch away
the molecular layer in a square 1 X 1 ym region followed by imaging a
larger 4 X 4 pm region centered at the same spot. Experiments were
conducted using a range of forces to determine conditions under
which the molecular layers could be reliably removed without
scratching the underlying TiO, surface. Diamond-like carbon
(DLC)-coated Si AFM tapping probes (Tap300DLC, Budget Sensors)
with a force constant of 40 N/m were used to perform the surface
scratching and imaging.

Nuclear Magnetic Resonance (NMR). 'H NMR spectra were
obtained using a Varian Mercury-Plus 300 (300 MHz) instrument
using CDCI, as the solvent. Chemical shifts (5) are reported in parts
per million (ppm) with the CDCI; reference peak set to 7.24 ppm for
all spectra. Hexamethylbenzene was added to some samples as an
internal standard for quantification.

Mass Spectrometry. Mass spectrometry was performed on NMR
samples to confirm NMR findings. A Waters (Micromass) AutoSpec
was used to collect spectra, using electron impact ionization with 70
eV electrons. Perfluorokerosene was used to calibrate the AutoSpec.

B RESULTS

Reaction of Aryl Halide with TiO, Surfaces. As depicted
in Figure 1, we investigated aryl compounds of the form 4-halo-
1-(trifluoromethyl)benzene, which we refer to as “iodo-TFMB”,
“bromo-TFMB”, and “chloro-TFEMB”, along with the 4-methyl-
1-(trifluoromethyl)benzene (methyl-TFMB). The trifluoro
compounds were chosen because the —CF; group serves as a
good marker in XPS and is itself unreactive toward TiO, (vide
infra).* Figure 2 shows XPS data for the F(1s) region for all
three aryl halides and methyl-TFMB, which we use as a control
sample. XPS data are also shown for the 1(3d;,,), Br(3d), and
Cl(2p) regions for the halogenated compounds and for methyl-
TFMB. Spectra of the Ti(2p), O(1s), and C(1s), regions are
shown in the Supporting Information. In Figure 2, the F(1s)
spectrum of the sample exposed to iodo-TFMB shows a single,
sharp F(1s) feature at 689.4 eV. The sample exposed to bromo-
TFMB also shows some F(1s) intensity near at 689.2 eV, but it
is significantly smaller than that observed for the sample
exposed to iodo-TFMB, while TiO, samples exposed to chloro-
TFMB or to methyl-TFMB show no significant F(1s) intensity.
The 1(3dy/,) spectrum from iodo-TFMB shows only a very
small peak, while the Cl(2p) spectrum from chloro-TFMB and
the Br(3d) spectrum from bromo-TFMB show no detectable
intensity above the noise level. Samples exposed to methyl-
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Figure 2. F(ls) XPS data from nanocrystalline TiO, films after
reaction with aryl halide compounds for 12 h at 50 °C. The bottom
trace shows data for methyl-TFMB as a control having a nonreactive
group bound to the aromatic ring in place of a halogen.

TFMB show no F, Cl, Br, or I signal. The trend in reactivity
observed in the F(1s) spectrum is also reflected in the C(1s)
spectra shown in the Supporting Information, although
interpretation of C(1s) spectra is complicated by small amounts
of contamination that is unavoidable in benchtop chemistry;
thus, the F(1s) intensity from the CF; group serves as a more
robust measure of the extent of adsorption. The Ti(2p) and
O(1s) spectra are nearly identical for all four samples; these
spectra reflect primarily the underlying substrate and can be
used as an internal standard for quantitative analysis.

The data show that iodo-TFMB and, to a lesser extent,
bromo-TFMB react with the TiO, surface under the relatively
mild conditions used here, while chloro-TFMB and methyl-
TFMB show no detectable reaction. Quantitative analysis of the
XPS data using the Ti(2p) peak as an internal standard yield
molecular coverages of 0.8 + 0.2 molecules/nm” for bromo-
TFMB, and 2.0 + 0.1 molecules/nm? for iodo-TFMB. This is
slightly lower than the values obtained for densely packed
phenyl rings on Si(111) surfaces,*® but still reflects a
comparatively dense layer. Analysis of the Br(3d) and I(3d)
regions shows that bromo-TFMB leaves no detectable bromine
on the surface and iodo-TFMB shows only a trace amount of
iodine, with quantitative analysis yielding a coverage of 0.17
iodine atoms/nm* On the basis of the LF ratio (after
correction for relative sensitivity factors and the I:F ratio of
1:3 for iodo-TFMB), this corresponds to approximately 0.1
iodine atom on the surface per iodo-TFMB molecule adsorbed
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onto the surface. The absence of any detectable F(1s) intensity
after exposure to methyl- or chloro-TFMB shows that the
binding of iodo-TFMB and bromo-TFMB is a direct result of
the presence of the Br or I groups and does not arise from the
aromatic ring or the —CF; group. However, the low
concentration of Br and I atoms on the surface demonstrates
that adsorption of iodo-TFMB and bromo-TFMB onto the
surface involves breaking C—I or C—Br bonds, and that the
halogen byproducts of the reaction are rinsed away.

These results are consistent with what would be expected
from the reaction depicted in Figure la, in which the incoming
molecules interact with surface Ti—OH groups to form Ti—O—
C bonds and eliminate HBr or HI Despite the apparent
simplicity of this reaction on paper, it is well-known in organic
chemistry®* that aryl halides like those used here typically show
very little reactivity toward alcohols in the absence of a catalyst
due to both the steric and the electronic effects that greatly
inhibit the most common nucleophilic substitution (Sy2)
reaction pathway. For example, previous studies of aryl
bromides and iodides showed almost no reaction with liquid-
phase tert-butanol in the absence of a catalyst.>**°

Comparison with Benzyl Halides. To understand how
differences in molecular structure impact reactivity on TiO,
surfaces, we also investigated the bonding of benzyl halides with
TiO,. In this case, the nonaromatic nature of the pendant
CH,X group (where X = Cl, Br, I) is expected to yield reactivity
more like that of the classical Williamson ether synthesis. Figure
3 shows F(1s) XPS data for nanocrystalline TiO, films that
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Figure 3. F(1s) XPS data for nanocrystalline TiO, films after reaction
with benzyl halide compounds for 12 h at 50 °C (X = Cl, Br, H).

Because of its higher melting point, a temperature of 80 °C was used
for 4-iodomethyl-TFMB (X = I).

were exposed to 4-(halomethyl)-1-(trifluoromethyl)benzene
derivatives (which we refer to as “chloromethyl-TFMB,”,
“bromomethyl-TFMB”, and “iodomethyl- TFMB”). XPS data
for the Ti(2p), O(1s), C(1s), Cl(2p), Br(3d), and 1(3d)
regions are shown in the Supporting Information. In Figure 3,
all three halides show some F(1s) intensity at 689.5 eV, with
the iodomethyl-TEMB clearly showing the highest intensity.
Using the Ti(2p) peaks as an internal standard for quantitative
analysis yields molecular coverages of 1.1 molecules/nm?* for
iodomethyl-TEMB, as compared to only 0.37 molecules/nm?>
for chloromethyl-TEMB, and 0.31 molecules/ nm? for bromo-

6869

methyl-TFMB. As with the aryl halides, the absence of
detectable intensity from the displaced halogen atoms indicates
that molecular adsorption is accompanied by C—X bond
cleavage, with the HX byproducts rinsed away from the surface.
The maximum surface coverage obtained for iodomethyl-
TEMB is slightly smaller than that observed with iodo-TFMB
(shown in Figure 2). This suggests that the additional CH,
group may introduce additional steric interactions that limit the
molecular density. While a direct comparison of reactivity is
complicated by the fact that the iodomethyl-TFMB experi-
ments were performed at a higher temperature (80 °C) as
compared to the other compounds investigated (50 °C for all
others), the higher surface coverage of iodomethyl-TFMB as
compared to bromomethyl-TFMB or chloromethyl-TFMB is
consistent with the reactivity trend (I > Br > Cl > F) typically
found with the Williamson ether synthesis.

Comparison of Base- versus Acid-Treated Samples
toward Aryl lodide. The most likely structure for binding aryl
and benzyl halides to the TiO, surface is via the surface
hydroxyl group, releasing HX and forming a Ti—O—C bond at
the interface as depicted in Figure 1. To facilitate understanding
of this reaction, we investigated whether manipulating the
concentration of surface hydroxyl groups and/or their
protonation state affected the grafting of the aryl iodide to
TiO, surfaces. Because the isoelectric point of TiO, in water is
approximately 5.9,*' treatment with base is expected to increase
the concentration of deprotonated Ti—O~ groups, while the
acidic piranha solution is expected to yield protonated Ti—OH
groups. To this end, we compared grafting on samples
immersed in the piranha solution with grafting on samples
treated with NaOH solution using procedures described in the
Experimental Section. Figure 4 compares the C(1s) and F(1s)
data from piranha-treated and base-treated TiO, samples,
showing spectra both before and after exposure to iodo-TFMB
(50 °C, 24 h). Similar data are shown for the Ti(2p), O(1s),
and 1(3d) peaks in the Supporting Information. The F(1s) data
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Figure 4. F(1s) and C(1s) XPS data from nanocrystalline TiO,
samples prepared using piranha treatment and base treatment. Data
are shown on freshly treated samples before (----) and after (—)
exposure to iodo-TFMB.
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show no fluorine on either sample before grafting of iodo-
TFMB, which after grafting both show F(1s) peaks with very
similar widths and intensities. The C(1s) spectra (Figure 4b)
show that before grafting the base- and piranha-treated samples
both show some initial carbon contamination, with three peaks
that are usually attributed to alkane-like C (284.8 eV), C—OH
groups (286.2), and C=0O groups (288.7 €V).* The total
amount of carbon contamination is similar for both samples,
although the piranha-treated sample shows a higher proportion
of carbon at ~286.2 eV (alcohol-like) and a lower amount at
284.8 eV (alkane-like), consistent with the highly oxidizing
properties of piranha solution. After grafting of iodo-TFMB,
both samples show significant increases in C(1s) intensity.
Notably, both C(1s) spectra show a new feature at a high
binding energy of 292.3 eV, which is similar in energy to that
reported previously from —CF; groups.**** This peak further
confirms the successful grafting of iodo-TFMB to the surface.
The Ti(2p) and O(1s) spectra in the Supporting Information
show no significant differences among the samples, reflecting
primarily the bulk Ti and O. By measuring the area of the F(1s)
and Ti(2p) peaks, we determined that both piranha and base
treatments produced equivalent molecular densities of 1.9
molecules/nm” Measurement of the 1(3ds/,) spectra showed
that the density of iodine atoms on the surface is <0.3 atoms/
nm? This density is much less than the density of grafted
molecules on the surface, thereby showing that the grafting of
the molecules is accompanied by release of iodine atoms into
the liquid-phase reactant mixture.

To gain further insights into how the surface hydroxyl
composition impacts the grafting, we used FTIR spectroscopy
to characterize the samples. Figure 5a and b shows FTIR
spectra of the O—H stretching region of piranha-treated
(Figure Sa) and base-treated (Figure Sb) samples before and
after exposure to iodo-TFMB at 50 °C for 24 h, using a planar,
oxidized Ti film as the reference sample. Comparing the “before
grafting” spectra of the piranha (Figure Sa) and base-treated
(Figure Sb) samples shows that these two treatments yield
significantly different distributions of —OH groups: the piranha
treatment leads to a broad peak centered near 3660—3665
cm™), while the base treatment leads to several well-defined
peaks at 3632, 3664, and 3695 cm™, with an overall intensity
that is several times higher than that of the piranha-treated
sample (note the difference in vertical scales). These spectra are
very similar to those published previously.*> While interpreta-
tion is complicated due to overlapping peaks from surface
—OH groups and adsorbed water, these previous studies have
attributed features at 3730 cm™" to terminal —OH groups, and
peaks near 3670 cm™' to bridging —OH groups. Broader
features in the 3630—3690 cm™' region are attributed to
adsorbed water molecules.*® Figure Sc shows the difference
spectra (after grafting — before grafting), reflecting the change
in IR absorbance induced by the 50 °C grafting reaction on the
piranha- and base-treated nanocrystalline samples; also shown
in this figure are results from a similar experiment performed
using (trifluoromethyl)benzene (TFMB), which lacks a halide
group on the aromatic ring. The piranha-treated and base-
treated samples both show significant decreases in —OH
intensity after grafting. Surprisingly, we also observe a similar
decrease in —OH intensity on samples that have been exposed
to (triftuoromethyl)benzene. We have established separately
that TEMB, like methyl-TFMB (see Figure 2), does not bind to
TiO, to any detectable extent under the conditions used here.
In addition to the 50 °C data presented here, experiments using
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Figure S. Infrared spectra of TiO, samples with different pretreat-
ments and influence on grafting of iodo-TFMB. (a) Spectra of piranha-
treated sample before and after grafting; (b) spectra of base-treated
sample before and after grafting; and (c) change in absorbance due to
grafting of iodo-TFMB on piranha- and base-treated samples, and
comparison with similar results for TFMB.

TEMB were also performed at 80 °C for 24 h; the resulting
spectra, reported in the Supported Information, showed that
heating in TFMB at 80 °C induced a slightly greater loss of
hydroxyls as compared to the results obtained at S0 °C, but
otherwise there were no significant differences in behavior.

These experiments demonstrate that while grafting of the
iodo-TFEMB to the surface is accompanied by loss of —OH
groups under the reaction conditions used, a similar loss of
—OH groups is also observed with a nonreactive compound
(i.e, TFMB). Consequently, while heating in iodo-TFMB
induces a loss of surface hydroxyl groups, the FTIR data cannot
provide a direct link between formation of new surface bonds
and the loss of —OH groups. In replicate tests on multiple
samples, XPS measurements showed that the base treatment
resulted in slightly more consistent values of the molecular
density. Because of this greater reproducibility and because
handling of the base is less hazardous than working with
piranha solution, all further experiments described below were
performed using base-treated samples only.
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Grafting Time and Surface Coverage. To determine the
optimal duration of the grafting reaction and to determine
whether the surface reactions are self-terminating (forming a
layer with defined thickness, followed by no further reaction),
we used FTIR to characterize the time-dependent changes in
vibrational spectra and used XPS to characterize the intensity of
the F(1s) peak on base-treated samples exposed to iodo-TFMB
at 50 °C for different lengths of time. Figure 6 shows FTIR
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Figure 6. (a) FTIR spectra of base-treated TiO, samples after
exposure to iodo-TFMB at 50 °C for different lengths of time; and (b)
area of 1143 cm™ peak versus time and fit to single-exponential
increase.

spectra of a thin film of liquid iodo-TFMB (measured in
transmission) and of the base-treated samples after reaction
(measured using single-bounce external reflection). Figure 6b
shows a graph of the area A(t) of the 1143 cm™ trifluoromethyl
peak versus time along with a fit to a simple exponential growth
A(t) = Ay(1 — e7"7), where A, is the maximum absorbance and
7 is the time constant for grafting; this fit yielded a time
constant 7 = 51 min. Similar times were also obtained using
other characteristic vibrational modes. XPS data also confirm
that the reaction is nearly complete within ~3 h; however, to
ensure the maximum possible coverage, we typically allowed
the reactions to proceed for 24 h. The Supporting Information
shows F(1s), C(1s), 1(3d), Ti(2p), and O(1s) data from a
nanocrystalline sample that was reacted for 24 h. Repeated
measurements show that at the longest grafting times of ~24 h,
the F(1s) data show a limiting coverage of 2.0 molecules/nm”.
The surface iodine coverage after 24 h grafting time is ~0.3
atoms/nm?, similar to the values reported above after ~12 h
grafting times. In both cases, there is much less than 1 iodine
atom remaining on the surface per molecule adsorbed
molecule.

Thickness and Uniformity of Molecular Layer on TiO,
Surface. Further insights into the nature of the grafting
reaction were obtained from atomic force microscopy experi-
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ments. These experiments used single-crystal rutile TiO, (110)
samples to achieve the requisite surface flatness. While rutile
and anatase have different crystal structures, previous studies of
TiO, have shown that the reactions both are controlled largely
by local atomic geometry of the titanium and oxygen sites,
which are similar on the crystal surfaces.”’~* Reactants with
only a single binding group are also expected to be less sensitive
to the detailed geometry than bidentate ligands commonly
investigated. Figure 7 shows atomic force microscopy images of
a TiO, (110) sample that was treated with base as described
above. This sample shows very flat, uniform terraces separated
by multiple-height steps. Figure 7b shows an image after a base-
treated sample was exposed to iodo-TFMB for 24 h at 50 °C.
The sample shows a very uniform surface, with small steps
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Figure 7. Atomic force microscope images of rutile TiO, (110)
samples before and after grafting of iodo-TFMB to the surface. (a)
Image of TiO, sample after cleaning in base, but not exposed to iodo-
TFMB. (b) Image of sample grafted with iodo-TFMB and used in an
AFM “nano-shaving” experiment as described in text. (c) AFM height
profile showing the change in height across the square region
scratched away; the regions at left and right correspond to the full
molecular layer. (d) Possible molecular structures on surface, and
dimensions based on molecular mechanics model.
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readily visible on the surface. Within the individual terraces, the
surface structure appears very uniform, with almost no surface
irregularities. This demonstrates that the grafting process leads
to a highly uniform molecular layer.

To verify that the molecular grafted layers are 1 molecule
thick, we used the AFM tip to remove the molecular layer from
a square 1 ym X 1 ym region (a process sometimes referred to
as “nanoshaving”’) and then imaged a larger (4 yum X 4 ym)
region centered at approximately the same location. The
molecular layers were removed by operating the AFM in
contact mode using a force strong enough to scratch away a
molecular layer (if present) but not strong enough to scratch
the underlying TiO,, as determined by testing different
scratching forces on a bare control sample. Figure 7b shows
an AFM image of a TiO, (110) surface that was functionalized
with iodo-TFMB (50 °C, 24 h) and then subjected to the
nanoshaving experiment. The region where the molecular layer
was removed appears as a small but distinct square region that
is 0.45 + 0.10 nm lower than the surrounding molecular layer.
Figure 7d shows the two most likely configurations for the
molecular layer, along with surface hydroxyl groups. Using a
simple molecular mechanics model with typical bond lengths,51
we estimate that the molecule is 0.50 nm from the plane of the
F atoms to the last aromatic C atom that links to the surface.
While molecules may also tilt, these changes in height
associated with modest tilts are not expected to be more than
~0.1 nm. Thus, the AFM data definitively show that the
grafting reaction leads to a highly uniform molecular
monolayer.

Comparison of Surface Grafting Reactions with
Liquid-Phase Reactions. The above experiments demon-
strate that aryl iodide compounds such as iodo-TFMB react
with the TiO, surface to yield molecular layers that are
covalently bonded to the surface. To compare the behavior of
surface Ti—OH groups with the C—OH more typically
encountered in synthetic chemistry, we evaluated the reactivity
of the iodo-TFMB and iodomethyl-TFMB with tert-butanol,
both with and without added tert-butoxide. The products were
characterized using NMR and mass spectrometry. The NMR
spectra are shown in the Supporting Information, with the
results summarized in Figure 8. For clarity, we have numbered
the reactants and likely products in Figure 8. In the first set of
experiments, depicted in Figure 8a and b, we made equimolar
mixtures of the halide reactant (either 1 or 4) with tert-butanol
(2) and heated the mixtures for 12 h at 80 °C for the benzyl
compound (4) and 50 °C for the aryl compound (1), thereby
simulating conditions used in the surface experiments. A
comparison of the NMR spectra before and after reaction
(shown in the Supporting Information) showed no evidence
for NMR signatures associated with the products 3 and 5, and
appeared essentially identical to those of the starting materials.
On the basis of these experiments, we concluded that neither
the aryl iodide (1) nor the benzyl iodide (4) reacts with tert-
butanol (2). Because the Williamson ether synthesis is typically
performed under basic conditions, we also performed experi-
ments in which sodium tert-butoxide salt (6) was added. When
starting with iodo-TFMB (1), the NMR spectra showed no
evidence for formation of the anticipated product (3).
However, when using iodomethyl- TFMB (4), NMR showed
facile conversion to the reaction product (5).

These NMR experiments show that when coupled with a
simple organic alcohol, the aryl and benzyl iodides behave in
the manner commonly reported for the Williamson ether
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Figure 8. Summary of possible reactions of iodo-TFMB (a,c) and
iodomethyl-TFMB (b,d) with tert-butanol and tert-butanol/sodium
tert-butoxide mixtures. NMR data show that only reaction (d) occurs
to any detectable extent.

synthesis. Specifically, under the conditions used in these
experiments, the aryl compound iodo-TFMB does not react
with simple alcohols or alkoxides, while the benzyl compound
iodomethyl-TFMB reacts with alkoxides but not alcohols. The
fact that we observe iodo-TFMB reacting with the TiO, surface
indicates that the reactivity of iodo-TFMB is distinct from that
of typical organic reaction and is not a simple consequence of
the presence of surface hydroxyl groups.

Molecular Layer Stability. To test the stability of the
organic layers in water, we conducted experiments in which
base-treated TiO, samples were functionalized with iodo-
TFMB. The freshly functionalized samples were then immersed
in 50 °C nanopure water and removed for analysis via FTIR
after different time intervals. The sum of the area of five FTIR
peaks at 1329, 1316, 1178, 1143, and 1069 cm™! were used to
evaluate the coverage. Figure 9 shows the change in total area
for these five peaks over a period of 6 h, along with a fit to a
simple exponential A(t) = A, exp 4, where A, is the
absorbance at time = 0 min, and ¢4 is the characteristic time
constant for desorption. The fit yields a value of t4,, = 100 + 20
min.

The stability we observe in aqueous solution is significantly
better than that observed with simple monodentate ligands
such as carboxylic acids,**"** but not as §ood as layers
produced by photochemical grafting of alkenes™ or by thermal
grafting of silanes' "> or phosphonic acids.""'® However, the
stability of the these latter approaches is likely due at least in
part to lateral cross-linking and/or multilayer forma-
tion.""1'®2% 1t s likely that Ti—O—C bonds are susceptible
to hydrolysis and that the alkyl chains play an important role in
controlling stability by preventing water access to the interfacial
bonds."' In our case, the improved stability we observe as
compared to simple monodentate carboxylic acids suggests
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Figure 9. Area of molecular 1329, 1316, 1178, 1143, and 1069 cm™!
infrared peaks versus immersion time for TiO, sample modified with
iodo-TFMB and then immersed in pure water at 50 °C for the
indicated times.

formation of layers that are sufficiently dense that they are able
to resist water penetration for a limited period of time.

B DISCUSSION

Our experiments demonstrate that iodo-TFMB (an aryl iodide)
and iodomethyl-TFMB (a benzyl iodide) both react with
hydroxylated TiO, surfaces under mild thermal conditions to
form dense molecular monolayers. The reaction of the aryl
iodide is particularly surprising and potentially important
because it may provide a route to directly link more complex
conjugated s-electron systems such as organic dyes or catalysts
based on coordination complexes to TiO, surfaces, with no
additional pendant atoms or functional groups between the
aromatic ring and the surface. In the case of benzyl halides, the
grafting yields conjugated molecules linked to the surface via a
single-atom linker. In both cases, the ability to achieve such
short molecular tethers may be expected to lead to high
electron-transfer rates relevant to fields such as solar energy
conversion using dye-sensitized solar cells.”*”** Studies of
electron transfer in dye-sensitized solar cells have shown that
the ultrafast transfer of photoexcited electrons from the
molecule to the TiO, depends on the degree of electron
delocalization between the s-conjugated electrons of the
molecule and the conduction band of the Ti0,*%7% In
contrast to the work presented here, the vast majority of studies
use carboxylate linkages that involve at least one carbon atom
between aromatic rings and the TiO,> >”**® The most
common of these involves pendant carboxylate linkages that
bind to the surface Ti ions via a 2-atom bridge. Our results
provide an alternative mode of binding with the aromatic ring
directly bonded to surface oxygen sites.

The high reactivity of aryl iodides (and, to a lesser extent, aryl
bromides) is somewhat unexpected. In a previous study,” we
reported that simple alkyl iodides reacted with TiO, to form
well-defined monolayers and that, due to the ubiquitous Ti—
OH groups present under ambient conditions,™® this reaction
appeared analogous to the well-known Williamson ether
synthesis of organic chemistry.”’ The Williamson ether
synthesis is generally described as a bimolecular nucleophilic
substitution (Sy2) reaction in which a deprotonated alcohol
attacks the antibonding o orbital of a carbon—halogen bond,
expelling the halide ion and forming an ether linkage as
depicted in Figure 1.3***%” Such S\2 reactions typically are
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facile with benzyl and alkyl halides but generally do not proceed
to any appreciable extent with aryl halides due to steric and
electronic constraints imposed by the benzene ring.**”*
Etherification reactions with aryl halides are known, but
typically proceed by the much less facile nucleophilic aromatic
substitution, benzyne, or radical reaction mechanisms.>® For
example, Cadogan et al.*® showed that bromo-TFMB and other
aryl bromides slowly react with potassium tert-butoxide via loss
of HBr, forming aryne intermediates that are subsequently
attacked by a nucleophile, yielding ether products. However,
the conditions of this experiment were quite harsh (>150 °C
for >4 h) as compared to the conditions used in our
experiments. Prior studies of aromatic nucleophilic substitution
(“SnAr”) reactions of halogen-modified aromatics have typically
observed that the different halogens yield a reactivity trend that
is the opposite of that we observe.

Elucidation of a detailed mechanism for the surface reaction
is complicated by the presence of multiple crystal faces and the
many overlapping features due to surface —OH groups and
modes of adsorbed water. Prior studies of TiO, surfaces have
revealed spectra much like those depicted in Figure Sa and b,
with the spectra varying considerably depending on the past
history of the TiO, and subsequent treatments.*> In those
studies, samples showing a preponderance of —OH modes near
3630 cm™! were found to have nucleophilic character toward
benzaldehyde (thereby acting as Lewis bases), while samples
with a preponderance of peaks near 3665 cm™" were found to
have more Lewis acid character.*> Our FTIR experiments show
that acid- versus base-treatment indeed shifts the distribution of
—OH species, but this shift does not appear to have a
substantial effect on the thermal grafting of iodo-TFMB.

Our experiments demonstrating that iodo-TFMB grafts to
TiO, but does not readily react with tert-butanol or sodium fert-
butoxide demonstrate that the TiO, surface has reactivity
greater than that expected from the exposed —OH groups
alone. We believe a key to this reactivity lies in the fact that
TiO, surfaces are only partially hydroxylated. For example, the
bulk-truncated anatase(001) surface (the lowest-energy face)
exposes 7.0 under-coordinated Ti atoms/nm’ and an equal
number of under-coordinated oxygen atoms; a fully hydrated
anatase(001) surface would therefore yield 14 hydroxyl groups/
nm? Because experimental measurements show lower values of
~3—4 hydroxyl groups/nm?>%*” this indicates that only ~25%
of the surface sites are associated with hydroxyl groups and the
remaining sites remain uncoordinated. Consequently, an
impinging reactant such as iodo-TFMB would likely interact
with both hydroxylated and nonhydroxylated surface sites. One
possibility is for the iodo-TFMB to interact both with an under-
coordinated Ti site (a Lewis acid site) and with a deprotonated
hydroxyl group (a Lewis base site), as depicted in Figure 10.

r o
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Figure 10. Schematic depicting possible interaction of iodo-TFMB
with anatase(001) surface, showing surface Ti ion interacting with
iodine and surface O~ (deprotonated hydroxyl) interacting with aryl C

atom. Ti atoms are shown in blue, O atoms in red, C atoms in gray, F
in yellow, and I in purple.
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Here, the interaction of the terminal iodine of iodo-TFMB with
a bare Ti*" site would be expected to weaken the C—I bond,
enhancing the ability of an adjacent (deprotonated) hydroxyl
group to initiate nucleophilic attack on the aryl C atoms,
inducing C—I bond cleavage. This general idea was proposed
earlier to explain the formation of phenoxide groups when TiO,
that was exposed to iodobenzene in vacuum was heated to 150
°C;% our results indicate that this or a similar pathway likely
plays an important role in enabling monolayer formation from
aryl iodides on TiO, under the near-ambient conditions
explored here.

The overall density of grafted molecules (2.0 molecules/nm*
for iodo-TFMB and 1.1 molecules/nm? for iodomethyl-TFMB)
is smaller than the number of hydroxyl groups and is likely
limited by steric interactions. Prior studies have reported that
benzenethiol monolayers on gold can reach ~4 molecules/
nm?%" and similar values have been reported on Si(111) via
diazonium chemistry;40 however, in the latter case, the surface
bonding configuration forces the aromatic bonds to be exactly
perpendicular to the surface, facilitating dense-packing. Our
molecules are slightly larger due to the terminal CF; group and,
for iodomethyl-TFMB, the additional methylene spacer.
Further studies will be necessary to fully elucidate how the
grafting density depends on the specific types of surface groups
accessible. Notably, however, the surface densities we measure
here are still larger than the surface densities of dye molecules
commonly used in dye-sensitized solar cells, which are typically
~0.5—1.5 molecule/nm2.°>%

Unlike the prior work on vacuum-dosed surfaces, our
results demonstrate that only modest temperatures of ~50—80
°C are needed to induce the reaction of aryl and benzyl iodides
with TiO,. However, we still observed that the reaction is
activated and that at room temperature grafting of the iodo
compounds is very slow. Activation could be associated with
the actual displacement reaction like that depicted in Figure 10,
or possibly by penetration of the reactant molecules through
the layer of tightly bound water molecules that are hydrogen-
bonded to the surface —OH groups. A previous study of the
adsorption of gas-phase chlorobenzene on TiO, in air of
varying humidity levels found that adsorption was limited by
the penetration of the molecules through the adsorbed water
layer, rather than subsequent interaction with the surface.* Our
FTIR experiments show that under the conditions of successful
grafting, both reactive (e.g, iodo-TFMB and iodomethyl-
TFMB) and nonreactive (e.g, methyl-TFMB) molecules
displace water from the near-surface region; this is demon-
strated by the removal of nearly all of the —OH stretching
vibrations (see Figure 4) after heating to 50 °C. While this
suggests that displacement of surface water may be the rate-
limiting step, we also note that we observe large differences in
reactivity between the iodo-, chloro-, and bromo-compounds.
Because all molecules investigated here would be expected to
penetrate the surface water with similar efficacy, this indicates
that the lack of reactivity of the chloro and bromo compounds
under the conditions of our experiments is not associated with
inability to penetrate to the surface, but is associated with the
intrinsically higher bond strength and reduced reactivity of
these compounds as compared to the iodo compound. Further
studies will be needed to identify the rate-limiting steps for
reaction of the iodo compound.

While a detailed mechanism of the grafting of aryl halides
onto TiO, remains elusive, the practical utility of the reaction is
significant as it provides a new route to linking 7-conjugated

30,60
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electron systems to TiO, surfaces. The short, direct linkage
from the conjugated electron system to the surface may
facilitate ultrafast electron transfer. In addition, the aqueous
stability of the grafted layers appears better than the stability of
simple carboxylate linkages, suggesting that monolayers grafted
as described herein may provide increased stability against
hydrolysis.

H CONCLUSION

The above results demonstrate a new approach to grafting 7-
conjugated electron systems to titanium dioxide with the
shortest possible molecule-surface tether. The use of aryl
iodides (and possibly bromides) provides rapid reaction and
results in dense, highly uniform and homogeneous -
conjugated molecular layers. While the reaction of alkyl and
benzyl iodides with —OH groups has clear precedence in the
well-known Williamson ether synthesis of organic chemistry,
similar reactions with aryl iodides are widely regarded as
kinetically unfavorable in the absence of a catalyst. Our results
show that TiO, surfaces are able to catalyze the reaction,
allowing formation of well-defined molecular layers of 7-
conjugated molecules using benchtop chemistry.
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