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ABSTRACT: We demonstrate the use of “click” chemistry to form electrochemically and
photoelectrochemically active molecular interfaces to SnO, nanoparticle thin films. By using
photochemical grafting to link a short-chain alcohol to the surface followed by conversion to a
surface azide group, we enable use of the Cu(I)-catalyzed azide—alkyne [3 + 2] cycloaddition
(CuAAC) reaction, a form of “click” chemistry, on metal oxide surfaces. Results are shown «Click”
with three model compounds to test the surface chemistry and subsequent ability to achieve i

electrochemical and photoelectrochemical charge transfer. Surface-tethered ferrocene groups
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exhibit good electron-transfer characteristics with thermal rates estimated at >1000 s .

Time-resolved surface photovoltage measurements using a ruthenium terpyridyl coordination compound demonstrate photoelec-
tron charge transfer on time scales of nanoseconds or less, limited by the laser pulse width. The results demonstrate that the CuAAC
“click” reaction can be used to form electrochemically and photoelectrochemically active molecular interfaces to SnO, and other

metal oxide semiconductors.
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B INTRODUCTION

Recent interest in hybrid organic—inorganic structures for
applications such as low-cost solar cells' ~® and photocatalysis’~ '
is placing increased emphasis on the development of optimized
interfacial chemistries for linking molecular systems to metal oxide
semiconductors. SnO,, TiO,, and related oxides are of interest
because their semiconducting nature enhances charge separation at
the molecule-semiconductor interface.""'> SnO, is of particular
interest in applications such as dye-sensitized solar cells> **
because the conduction band of SnO, is lower in absolute energy
than that of TiO, or ZnO, facilitating electron transfer from
surface-attached molecules into SnO,.** The larger bandgap (3.6
eV) of SnO, also reduces creation of photoexcited holes, which can
degrade surface-attached dyes."”*" Finally, SnO, films exhibit
electron mobilities on the order of 10 em* V! s7'***° much
higher than the values of ~1 x 10 *to 1 x 10 ecm® VvV st
typically obtained from nanocrystalline TiO, films.>® High electron
mobilities are advantageous because they enhance charge separa-
tion and lower the resistance of the films.

Previous studies have shown that molecules terminated with
carboxylic acid,"®*” phosphonic acid,**>° and silane groups'>'®
can be used to link molecules to SnO, surfaces. The one-step
adsorption of highly functional molecules such as dyes or catalysts
to metal oxides typically requires relatively difficult synthesis
and purification steps en route to each of the derivatized
compounds.”®*" A more general approach to forming molecular
interfaces to surfaces uses a bifunctional molecule that links to the
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surface using one functional group and leaves the second func-
tional group exposed at the outermost surface; photochemically or
or electrochemically active molecules can then be linked to the
modified surface via this exposed functional group. A similar
bifunctional-linker approach has been used to make electroche-
mically or photochemically active surfaces of materials including
silicon,>*>* diamond,>>>° gold,37’38 graphite,37and Sn0,."® In this
two-step approach, surface attachment and compound synthesis
chemistries thus become modular and orthogonal. A prior study
using this approach with SnO, linked dyes to the surface via amide
and thiol linkages."® Recent studies have shown that highl?f efficient
reactions generically known as “click” reactions® *' provide
a versatile route toward highly functional surfaces.** **** The
Cu(I)-catalyzed azide—alkyne cycloaddition (CuAAC) reaction
is of particular interest because studies on carbon surfaces have
shown that the resulting triazole linkages are highly stable even
under higthy oxidizing conditions and support electron-transfer
processes.3 38,42,43

Here, we present recent work investigating the use of the Cu(1)-
catalyzed azide—alkyne cycloaddition (CuAAC) reaction®” *' as
a modular approach to fabrication of molecular interfaces to SnO,.
Our results show that by starting with a short linker molecule to
produce a high density of surface azide groups separated slightly
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from the SnO, surface, it is possible to use the CuAAC reaction to
link more complex molecular structures to the azide-modified
SnO, surface. Ferrocene and a ruthenium terpyridyl complex were
used as model systems to show that the resulting interfaces support
both electrochemical and photoelectrochemical charge transfer.

B EXPERIMENTAL SECTION

Synthesis of SnO, Nanoparticles and Preparation of SnO,
Films. SnO, nanoparticles were synthesized following previously
reported procedures, via hydrolysis of SnCly under basic conditions
followed by calcining.** In a typical reaction 2.22 mmol of SnCl, - 4H,0
and 50.0 mmol of NaOH were ball-milled for 15 s, followed by addition
of 1.11 mmol NaCl and further milling for 30 s. The mixture was
annealed at 400 °C for 2 h, washed with deionized water three times,
then dried at 100 °C for 1 h. The resulting nanocrystalline SnO, powder
was collected and analyzed using scanning electron microscopy (SEM)
and X-ray diffraction (XRD) methods. Figure S1 in the Supporting
Information shows a SEM image of the nanoparticles dispersed on a
conducting substrate; the nanoparticles showed an average diameter of
approximately S0 nm. Figure S2 in the Supporting Information shows
X-ray diffraction (XRD) data for the nanoparticles demonstrating that
they form the tetragonal (cassiterite) phase, the most common phase of
$n0,.*° A limited number of experiments were also performed using
purchased nanoparticles (Nanostructured and Amorphous Materials,
Los Alamos, NM); a direct comparison of our synthesized nanoparticles
with those purchased showed no significant differences between the
particles we synthesized and those we purchased.

To enhance sensitivity for analytical measurements while avoiding
transport and rinsing issues that can affect chemical reactions in highly
porous films, we performed the experiments reported here using
nanoparticle films that were sintered to form a nonporous film with
surface texturing to provide enhanced surface area. This was achieved
using a variation of a method commonly used for making porous films.**
Typically, a 120 mg sample of SnO, was suspended in absolute ethanol
via sonication. To the suspended mixture was mixed 335 mg of 10 wt %
ethyl cellulose (46070, Sigma-Aldrich, Milwaukee, WI) in absolute
ethanol (EtOH) with 260 mg of 10 wt % (in absolute EtOH) ethyl
cellulose (46080, Sigma-Aldrich), and 484 mg of anhydrous terpineol
(16406, Sigma-Aldrich) were added. The mixture was subjected to
ultrasonication for 30 min and the solvent was removed using rotary
evaporation. The paste was then screen-printed onto the desired
substrate, and the screen-printed substrate with paste applied was
sintered at 600 °C for 1 h, followed by one additional hour at 500 °C.
This procedure yielded a highly textured, sintered film well suited for for
further functionalization and analysis. Two types of substrates were used.
All experiments were performed using substrates consisting of a thin film
of fluorinated tin oxide (FTO) on glass (sheet resistance 15 €/sq,
Hartford Glass, Hartford City, IN) because these substrates provide
good electrical contact to the SnO, nanoparticle films and are transpar-
ent. As an additional control, duplicate XPS experiments were per-
formed on some samples using substrates consisting of 100 nm Ti
evaporated onto heavily doped Si wafers, thereby providing fluorine-free
substrates. Experiments using the latter substrates provided a way to
confirm that the XPS experiments (described below) probed the SnO,
nanoparticle film and not the underlying substrate. Unless otherwise
stated, all results shown here were obtained using sintered SnO, films
fabricated on the fluorinated tin oxide substrates.

Figure S3 in the Supporting Information shows a representative SEM
image after the nanoparticles were processed into a continuous film.
SEM images of multiple samples showed that the SnO, films used were
typically 700 nm to 1 #m in thickness. The sintered SnO, films have a
highly textured surface but have a relatively low porosity. The highly
textured nature of the SnO, surface provided higher surface area than a

comparable planar film (estimated as approximately a 2-fold enhance-
ment by visual inspection of the SEM images), thereby enhancing the
sensitivity of the surface analytical measurements. We chose to use
sintered films with a low porosity in studies presented here because this
structure confined the liquid reactants to a thin layer near the outmost
surface, thereby avoiding potential reactions with the underlying sub-
strate, enhancing transport of reactants to the SnO, surface reaction
sites, and facilitating proper rinsing of the SnO, films after reaction.
These factors are important in making unambiguous distinction be-
tween species chemically bound to the SnO, surface and those physically
adsorbed or trapped in the film via noncovalent interactions.

Molecular Reagents. We investigated the coupling of three
different molecules to the SnO, surface. The compounds 4--
(trifluoromethoxy)phenylacetylene (TFMPA) and ethynylferrocene
were purchased commercially (Sigma-Aldrich, Milwaukee WI). We also
prepared the [Ru(tpy)(tpy’)]>* (tpy = 2,2':6',2"-terpyridyl), (tpy'=4-
ethynyl-2,2:6',2"-terpyridyl) derivative bearing a pendant alkyne
group; synthesis and characterization of this molecule has been de-
scribed previously.*® All other reagents were purchased from Sigma-
Aldrich unless stated otherwise.

Fourier-Transform Infrared (FTIR) Measurements. Infrared
spectra were collected using an FTIR spectrometer (Vertex 70, Bruker
Optics, Billerica, MA) at a resolution of 4 cm™'. FTIR spectra were
collected in single-bounce external reflection mode using a variable angle
specular reflectance accessory with a wire grid polarizer (VeeMAX I,
Pike Technologies, Madison, WI). All reflection spectra were collected
with p-polarized light at an incident angle of 50° from the surface
normal. FTIR spectra of functionalized surfaces were measured using an
unfunctionalized sample as the background. Residual baselines were
removed to improve the clarity of the spectra. Baseline correction was
achieved using a polynomial fit to remove sloping and/or curved
background. A single polynomial was fit to each spectrum, taking
care to avoid any regions containing peaks likely to be associated with
surface species. The polynomial fits typically included the following
regions: 3150—3250, 2700—2420, 2300—2175, 1890—1770, and
1670—1490 cm ™. In each case, the experimental spectrum was fit to
a polynomial using all points in the selected regions, and the resulting
polynomial was then subtracted from the data. In general, fits were
performed using several different polynomial orders in order to ensure
that the spectral features observed were not sensitive to the precise
details of the fitting procedure.

X-ray Photoelectron Spectroscopy (XPS). XPS data were
obtained using a custom-built XPS system (Physical Electronics Inc.,
Eden Prairie, MN) consisting of a model 10—610 Al Kat source (1486.6
€V photon energy) with a Model 10—420 toroidal monochromator and
a model 10—360 hemispherical analyzer with a 16-channel detector
array; measurements were typically performed using a electron takeoff
angle of 45°. Peak areas were calculated by fitting the raw data to Voigt
functions after a Shirley baseline correction.*”* The Voigt function
consists of a mixed Gaussian—Lorentzian of the form f(x) = (A)/
{1+(m(E — Eo)*)/ (W) }exp{(1 — m)(In2 )(E — Eo)*/(w*)}.* In this
equation, w is the peak width parameter, E; is the binding energy of the
peak center, E is the binding energy, m is the mixing ratio (m = 0 for pure
Gaussian, m = 1 for pure Lorentzian), and A is an amplitude coefficient.
The spectra of each sample were shifted as necessary to make the
primary C(1s) peak lie at a fixed energy of 284.4 eV; all other spectra for
a given sample were shifted by the same amount.

Electrochemical Characterization. Al electrochemical measure-
ments were performed using an Autolab potentiostat (PGSTAT302N,
Metrohm Autolab B.V, Utrecht, The Netherlands) using the SnO,
samples as the working electrode, a Bioanalytical Systems (BASi, West
Lafayette, IN) Ag/AgCl junctioned reference electrode, and a platinum
wire counter-electrode. The aqueous Ag/AgCl reference electrode con-
sisted of a silver wire immersed in a solution of 3 M NaClL
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Scheme 1. (a) Formation of Azide-Terminated SnO,
Surface, and (b) Subsequent CuAAC Reaction with
Organic Alkyne
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Optical Characterization. Absorption spectra were obtained on a
UV—visible spectrophotometer (UV240PC, Shimadzu, Addison, IL).
Excitation and emission spectra were measured on a spectrofluorimeter
(Model K2, ISS, Champaign-Urbana IL).

Time-Resolved Surface Photovoltage (TR-SPV) Measure-
ments. Time-resolved surface photovoltage measurements* ' were
performed using a custom-made cell holder in which a pickup electrode
was held 25 ym away from the sample surface. The entire cell was sealed
inside an argon glovebox. The sample was illuminated with short pulses
(<3 ns, 600 ] /pulse) from a tunable laser system (NT340, Ekspla, Inc.,
Vilnius, Lithuania); the resulting injection of electrons from the surface
into the bulk induced transient changes in the potential, and these
changes were measured at the pickup electrode. The sense electrode
signal was amplified using a fast amplifer (Model TA2000B-3, FAST
ComTec GmbH, Oberhaching/Miinchen, Germany) with a S0 Q input
and output impedances, 1.5 GHz bandwidth, and 40x voltage gain. The
amplified output was recorded on a sampling digital oscilloscope (Model
DSO5054A, Agilent, Inc., Santa Clara, CA).

B RESULTS

Preparation of Azide-Functionalized SnO, Surfaces. A key
step in enabling the CuAAC reaction on metal oxides is forming
azide or alkyne groups on the surfaces. We chose to focus on
preparing azide-modified SnO, surfaces both because it is easier
to synthesize and store molecules bearing alkyne groups than
molecules with azide groups (which are often explosive), and
because alkyne-modified molecules are generally easier to obtain
commercially. We prepared azide-functionalized SnO, nanocrys-
talline thin films via the three-step process shown in Scheme 1a.

The first step involved photochemical grafting of 3-buten-1-ol
to the surface using 254 nm ultraviolet light (~10 mW/ cm’?, 15h)
to give a high density of surface alcohol groups that are slightly
removed from the bare SnO, surface. Photochemical grafting of
alkenes has been shown to yield highly stable molecular layers on
surfaces of TiO,™> and other oxides.> Although the grafting
mechanism has not been fully elucidated, studies to date suggest
that photoexcited surface —OH groups act as hole traps
that facilitate nucleophilic attack by the organic alkene group
to link the molecules to the surface.”>* We then converted
the surface alcohol groups to methanesulfonyl (“mesyl”) groups

Scheme 2. Reaction of TEMPA with Azide-Modified Surface
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using methanesulfonyl chloride (MsCl) with triethylamine
(NEt;) in dichloromethane (DCM).

The surface-bound mesyl groups were replaced by azide
groups by treatment with NaN;. (Warning: sodium azide is highly
toxic and should be used with caution.) Detailed procedures for
these steps are given in the Supporting Information, along with
FTIR spectra showing the sample after photochemical grafting of
3-butene-1-ol, after the mesylation step, and after conversion to
the azide. The molecules of interest were then coupled to the
azide-terminated surfaces via the CuAAC reaction®™*' as de-
picted in Scheme 1b. Here we report results using three different
“R” groups to demonstrate successful “click” chemistry and to
explore its application to systems involving electrochemical and
photoelectrochemical electron transfer.

Grafting of TFMPA to SnO, Surfaces. Because the use of
“click” chemistry to functionalize metal oxides has not been
demonstrated previously, we first investigated the formation of
the azide-terminated surfaces and demonstrated their reactivity
by using a compound that facilitates analytical characterization
via XPS and FTIR spectroscopy. For this purpose we used the
compound  4-(trifluoromethoxy)phenylacetylene (TFMPA),
which we linked to SnO, surfaces as depicted in Scheme 2.

To graft TEMPA to the surface, the azide-modified SnO, thin
film was submerged in a solution containing 0.5 mM Cu(II)-
(tris-(benzyltriazolyl-methyl)amine) (BF,),  (henceforth re-
ferred to as TBTA), 1.0 mM of TEMPA, and 25 mM of
sodium ascorbate in 3:1 (v:v) DMSO:H,O for 17 h at room
temperature. The samples were then rinsed sequentially with
deionized H,0, CHCl;, and isopropyl alcohol (IPA). Experi-
ments performed using shorter coupling times of 90 min and S h
showed incomplete reaction, while the reaction was complete at
14 h. Reaction times of >14 h were used in all subsequent
experiments. Similar reaction times have been used in previous
studies of CuAAC reactions on azide-terminated silicon®® and
diamond™ surfaces. The longer reaction times relative to those
typically reported for reactions in solution likely reflects the
increased steric constraints at surface-bound functional groups.

Figure 1 shows infrared spectra of an azide-modified SnO,
surface, of an azide-modified SnO, surface after the CuAAC
reaction with TFMPA, and of neat TEMPA. Figure 1a shows the
entire region of interest, while Figure 1b is an enlarged view of the
1100—1600 cm ™' region. The spectrum of neat TFMPA is
dominated by three C—F modes at 1165, 1211, and 1255 em”!
and a sharp mode at 1205 cm™'. On the basis of a previous
normal-mode analysis of a closely related molecule, trifluoro-
methoxybenzene, we attribute the 1205 cm™' peak to an
aromatic ring mode.>® The azide-modified SnO, surface exhibits
a very sharp peak at 2096 cm ™' that is characteristic of the
symmetric stretch of the azide group, along with C—H modes
at 2914 and 2860 cm ™' from the 3-buten-1-ol molecule. In
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Figure 1. (a) FTIR spectra of SnO, film after functionalization with
azide and after complete CuAAC reaction with TFMPA. Also shown is
the spectrum of neat TFMPA. (b) Same as (a), showing an enlarged
view of the 1100—1600 cm ™" range. The spectrum of neat TEMPA was
scaled arbitrarily to facilitate comparison with the surface spectra.
Spectra were shifted vertically for comparison.

addition, a broadened peak near 1261 cm™ ' and a smaller peak
near 1444 cm™ " arise from the alkyl chains of the butenol and
lattice vibrations of SnO,. Finally, a sharp peak at 1724 cm 'is
observed; this geak likely arises from the C=O stretch of
adsorbed CO,.°

Exposure of the azide-modified sample to TFMPA under
the CuAAC conditions induces several important changes. The
most pronounced change is the disappearance of the azide peak
at 2096 cm ™ '. The CuAAC-reacted sample also shows a peak at
1498 cm™'; neat TFMPA shows a similar peak shifted at
1504 cm™'>® Finally, the CuAAC sample shows a triplet of
peaks at 1165, 1220, and 1265 cm . These peaks are a clear
superposition of the triplet of C—F peaks from TFMPA (with
small shifts from the frequencies observed for neat TFMPA) and
the broad 1150—1400 cm ™~ ' feature of the azide-modified SnO,
surface; the presence of the CF; group on the CuAAC-reacted
sample is observed most clearly through the presence of the new
1165 cm ™' mode after the reaction.

XPS was used to further verify successful CuAAC reaction.
Figure 2 shows the C(1s), F(1s), and N(1s) regions of an azide-
modified sample that was reacted with TFMPA in the presence of
the Cu(l) catalyst. Also shown are results from two control
samples. One control sample (“No Cu”) was carried through the
entire procedure depicted in Schemes 1la and 2, except the Cu
catalyst was left out during the final step. A second control sample
(“No azide”) was carried through the complete procedure except
the mesylation/azidation sequence of Scheme 1a was eliminated.
If the reactions proceed as depicted in Schemes 1 and 2, the “No
azide” control should correspond to the alcohol-terminated
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Figure 2. XPS spectra of SnO, sample after complete CuAAC reaction
with TEMPA, and those of control samples that underwent the entire
reaction sequence except for eliminating the mesylation/azidization
steps (“No azide”) or eliminating Cu during the CuAAC reaction (“No
Cu”). (a) C(1s) region, (b) F(1s) region, and (c) N(1s) region.

surface, whereas the “No Cu” control should correspond to the
azide-terminated surface.

The “Full CuAAC” sample shows a single F(1s) peak at
689.3 eV from the —CF; group of TFMPA. The C(1s) spectrum
shows a main peak at 284.4 eV, a shoulder at ~285.5 eV, and an
isolated peak at 294.0 eV. The peak at 284.4 corresponds to
nonoxidized carbon from the alkyl chain of the initial butenol
layer and from the carbon atoms in the aromatic ring of TEMPA.
The peak at 294.0 eV arises from C atoms in the CF3 group of
TEMPA, while the small shoulder at ~285.5 eV is consistent with
C atoms adjacent to either N or O atoms, which are both
electron-withdrawing. Finally, the “Full CuAAC” sample shows
two overlapping N(1s) peaks at 399.6 and 401.1 eV. The latter
two peaks are very similar to those observed in previous CuAAC
reactions on surfaces**** and correspond to the N atoms in the
triazole ring. Thus, the “Full CuAAC” spectrum is fully consistent
with the spectrum expected from the reaction depicted in
Scheme 2.

The coverage can be roughly estimated from the F(1s) and
Sn(3d) peak areas. Using an electron escape depth of ~2 nm in
Sn0,>” and atomic sensitivity factors of 4.1 for the Sn (3ds ;)
peak and 1.0 for F(1s)*® yields an coverage of ~1.7 x 10"
TEMPA molecules/cm” in the planar-sample limit. However,
this value is larger than the true molecular coverage because the
textured nature of the film surface increases the effective surface
area (and consequently the number of —CF; groups within the
sampling area relative to the number of Sn atoms detected.
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Scheme 3. Reaction of Ethynylferrocene with Azide-Modi-
fied SnO, Surface via CuAAC Reaction
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Accurate determination of molecular coverage would require
detailed modeling of electron emission and scattering in the
nanoparticle film, but simple geometric arguments indicate that
the geometrlc corrections have a magnitude of approximately a
factor of 2% Thus, we estimate the true TEMPA coverage is on
the order of § X 10" to 1 x 10" molecules/cm”. Although the
molecular coverage cannot be determined exactly, the values
obtained are high and indicate that the molecules achieve dense
packing on the surface.

Further confirmation that the surface grafting took place via
the CuAAC reaction comes from the control samples. The
spectrum of the “No Cu” control sample shows no detectable
fluorine and a more complex N(1s) structure consisting of two
peaks at 404.3 and 400.1 eV. The peak at 404.3 eV has a binding
energy significantly higher than most N-containing compounds
and is characteristic of the central N atom of the azido group,
which has a formal positive charge (see Scheme 1a).”” The
presence of this peak on the “No Cu” control but not on the “Full
CuAAC” sample is strong evidence for reaction of the azide
grou;)6 \/\3flth the alkyne group of TFMPA to form the triazole
ring. The spectrum of the “No azide” sample shows no
detectable F(1s) or N(1s) intensity but shows two C(1s) peaks: a
main peak at 284.4 eV and a shoulder at 285.9 eV. The 284.4 eV
peak arises from the alkyl chains while the 285.9 eV peak is
consistent with that expected from C atoms of alcohol groups.
These control experiments establish several important facts.
First, the absence of any F(1s) signal on the two control samples
shows that there is no significant nonspecific binding of TEMPA
to the surface. Second, they show that the CuAAC reaction
requires the Cu(I) to catalyze the cycloaddition between the
azide terminated nanocrystalline thin-film SnO, and TEMPA.
The XPS data are fully consistent with the FTIR data, and both
XPS and FTIR results confirm that the CuAAC reaction pro-
ceeds as depicted in Scheme 2.

Formation and Characterization of Ferrocene-Modified
SnO, Surfaces via CuAAC Reaction. The XPS and FTIR data
above establish the successful use of CuAAC chemistry to link
model compounds to the surface of SnO,. To test the generality
of the method and reaction conditions, we tested the ability to
make surface adducts with molecules that are expected to exhibit
charge-transfer processes under electrochemical and photoelec-
trochemical conditions. Ferrocene is useful as a model system for
testing electron transfer because the CuAAC reaction has been
used previously to form ferrocene-terminated layers on carbon-
based materials®”** and on self-assembled monolayers on
gold.>®* Scheme 3 depicts the binding of ethynylferrocene to
the SnO, surface. In this case, the azide-modified SnO, thin-films
were immersed in a solution containing 3.8 mM ethynylferro-
cene, 8.0 mM sodium ascorbate, 0.4 mM Cu(BF,),, and 0.1 mL
of triethylamine in 3:1 (v:v) DMSO:H,O. The reaction was
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Figure 3. FTIR and XPS characterization of ferrocene-modified SnO,.
(a) Infrared spectra of azide-modified SnO, thin film before and after
CuAAC reaction with ethynylferrocene. (b) XPS spectra of sample
exposed to full CuAAC condition, and control sample without Cu
catalyst (“No Cu”).

carried out at room temperature for 17 h, and the sample was
then rinsed sequentially with MeOH, CHCl;, and IPA.

Figure 3a shows FTIR spectra of the azide-modified SnO,
surface before and after the CuAAC reaction with ethynylferro-
cene. The azide-modified surface shows the characteristic
2100 cm ' azide peak. After reaction with ethynylferrocene
the 2100 cm ™" peak decreases almost completely, and a new
sharp peak at 3103 cm™ " appears. The latter matches very well
the 3106 cm ™' peak associated with the aromatic C—H modes of
ferrocene vapor.>® The nearly complete elimination of the azide
stretch upon reaction with ethynylferrocene suggests that the
CuAAC reaction is highly eflicient, and that the ferrocene groups
can pack sufficiently close together to allow the vast majority of
exposed azide groups to react with ethynylferrocene.

XPS spectra were also obtained of the ferrocene-modified
surface. The most clear signature of surface-bound ferrocene is
the appearance of an Fe (2p3/,) peak in the XPS spectra near
709 eV, as shown in Figure 3b. This peak is weak and riding on
the side of the much larger Sn (3ps,,) peak, but it is clearly visible
on the sample exposed to the full CuAAC conditions and is
absent on the control sample (“No Cu”) that was processed
similarly but without any Cu catalyst used. Taken together the
XPS and FTIR data again strongly support the successful grafting
of ferrocene groups to the SnO, surface.

Electron-Transfer Properties of Ferrocene-Modified Layers.
To determine if the ferrocene groups linked to SnO, are electro-
chemically active, we conducted experiments using cyclic voltam-
metry. Figure 4 shows representative cyclic voltammograms
(CVs) of ferrocene-modified SnO, surfaces measured at sweep
rates of 0.3 V/s, 1 V/s, 3 V/s, and 10 V/s along with a control
sample. The “no azide” control sample consisted of an identical
sample that was modified with butenol and exposed to the

3114 dx.doi.org/10.1021/am200615r |[ACS Appl. Mater. Interfaces 2011, 3,3110-3119
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Figure 4. Cyclic voltammograms of SnO, sample after complete
CuAAC reaction to graft ethynylferrocene (solid lines), and “no azide”
control sample as described in text (dashed lines). Results are shown at
scan rates of (a) 0.3, (b) 1, (c) 3,and (d) 10 V/s. Panel e) shows the peak
potentials of the oxidation and reduction waves at the different scan rates
for the ferrocene-modified sample .

complete “click” grafting solution (including ferrocene), but was
not exposed to the mesylation/azidation sequence of Scheme la.

Because previous studies have shown that the ferrocenium
cation is rapidly degraded by nucleophiles such as OH™ and
CI~,% we used 1 M aqueous HCIO, as the supporting electro-
Iyte. For a perfect redox-active monolayer on a metallic surface,
the splitting between oxidized and reduced waves should
approach zero at infinitely slow scan rate,"* and the back-
ground from the (nonfunctionalized) electrode should be a
simple trapezoid arising from the Helmholtz capacitance of the
interface and uncompensated solution resistance. With semi-
conductors; however, the semiconductor space-charge layer and
surface defects introduce additional resistance and capacitance
components. These effects are particularly important for nano-
crystalline semiconductor films because they have very high
density of surface states.*%*

The CVs we obtain on the "no azide” control sample are
similar to those reported previously on bare nanocrystalline films
of $n0,% and Ti0,.** Those studies showed that nanocrystal-
line SnO, and TiO, films have chloride impurities65 and bulk
oxygen vacancy defects that create a band of unoccupied states in
the bandgap. The gap states have a distribution of energies
extending from the conduction band edge into the bandgap,

thereby giving rise to an interfacial capacitance that is dependent
on sample potential and scan rate.** The general shape of the
background scans is well-described by these models® and will
not be considered further here. For our studies the important
observation is that “no azide” control sample does not show any
peaks that can be attributed to oxidation or reduction of
ferrocene. Because this sample was exposed to ethynylferrocene
(but lacked the azide group), the absence of ferrocene-related
redox features confirms that the binding of ferrocene to the
surface requires the presence of the surface azide group.

In contrast to the butenol-modified surfaces, the azide-mod-
ified SnO, surfaces that were exposed to the full CuAAC
conditions clearly show both oxidation and reduction peaks at
~0.3—-0.4 V vs Ag/AgCl from the surface-bound ferrocene
groups, close to the values previously reported for ferrocene
self-assembled monolayers on gold.°° On SnO,, these peaks are
riding on top of a voltage-dependent background that is similar to
that observed on the butenol-modified sample.

Further insights can be gleaned from analysis of the potentials
at which the oxidation and reduction waves reach their maxima,
by subtracting the capacitive background from the oxidation and
reduction waves at each scan rate. Figure 4e summarizes the
potentials at which the oxidation and reaction peaks reached their
maximum current. In contrast to the limit of zero splitting
expected for a perfectly reversible system, ferrocene on SnO,
shows a splitting between oxidation and reduction waves of ~50
mV even at the lowest scan rates. This nonzero splitting indicates
that the electron transfer is not fully reversible. At higher scan
rates the splitting becomes larger, but in an asymmetric manner:
the peak potential for the oxidation wave remains nearly constant
while the potential of the reduction wave changes significantly
with scan rate. A lower bound on the standard electrochemical
charge-transfer rate k’ can be estimated from the peak-to-peak
splitting, AE,,, and rate, R, as K, =R/ AE,,,.. This value is a lower
bound because it neglects other charge transfer processes that
can limit the rate at which the surface potential changes, such as
space-charge effects and/or charging of surface states. The S0 mV
change in AE,,,, as the scan rate is increased from 0 to 10 V/s in
Figure 4d yields a lower limit of k°, >1000 s~ ". The peak splitting
we observe here is smaller than that observed in previous work
linking ferrocene to SnO, and TiO, via a phosphonic acid
linkage, where a peak-to-peak splitting of ~400 mV was observed
on SnO, and 390 mV on TiO,.>° The small value we observe
here suggests that the CuAAC reaction substantially improves
the electron communication between ferrocene and the under-
lying oxide surface compared with the approach employed
previously. In repeated cycling, the cyclic voltammograms were
extremely stable for more than 100 repeated cycles but eventually
degraded, likely to the inherent instability of SnO, in acidic
conditions. Cyclic voltammograms obtained after 1 cycle and
after 100 cycles are shown in the Supporting Information.

Integration of the oxidation peak yields a total integrated
charge of 2.2 x 10~ coulombs. Using the projected sample area,
this corresponds to 5 X 10'* redox active ferrocene groups Jem?,
This value is at the lower end of the range of 5 x 10'*to 1 x 10"
molecules/cm” estiamted from XPS studies of TFMPA, consis-
tent with the slightly larger size of the ferrocene molecule.

Photoelectrochemically Active Charge-Transfer Complex.
The above data show that electron transfer under quasi-rever-
sible conditions typical of electrochemical reactions can occur.
To test whether the use of the CuAAC chemistry would allow
surface-tethered molecules in excited electronic states to transfer
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Scheme 4. CuAAC Reaction Linking [Ru(tpy)(tpy )]** to
Azide-Modified SnO, Surface
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Figure 5. Characterization of CuAAC reaction of [Ru(tpy)(tpy’)]**
with the SnO, surface. (a) FTIR spectra after modification with the azide
group and after full CuAAC reaction with [Ru(tpy)(tpy’ )*. (b, ©)
C(1s) and N(1s) XPS data showing the C(1s) and Ru(3ds,,) peaks for
[Ru(tpy)(tpy’)]**and control samples.

electrons into the SnO, conduction band on faster time scales,
we used time-resolved surface photovoltage measurements to
probe the photoinitiated injection of electrons from a Ru-based
coordination complex into the SnO, nanocrystalline film. For
these experiments, we used the alkyne-modified coordination
complex [Ru(tpy)(tpy’)]** shown in Scheme 4.

Ruthenium coordination complexes have attracted wide
attention for their unique photophysical properties.'”®” The
[Ru(tpy)(tpy’)]** complex in Scheme 4 was chosen because in

a)
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Figure 6. (a) Absorption spectrum of [Ru(tpy)(tpy’)]*" grafted onto
SnO, surface and solution-phase absorption spectrum of [ Ru(tpy) (tpy’ ) ]**
in DMSO. The spectra have been scaled individually and shifted vertically
for clarity. b) Fluorescence emission spectrum (480 nm excitation) and
fluorescence excitation spectrum (680 nm emission) of [Ru(tpy) (tpy)]**
in DMSO.

recent studies’® we showed that this coordination complex
exhibits extraordinary chemical and electrochemical stability
when linked to diamond surfaces via a similar CuAAC reaction,
and because a phosphonic acid-modified compound has been
investigated previously on TiO, and SnO,.”® Here, we linked this
complex to SnO, surfaces by immersing the azide terminated
SnO, in a solution of 100 uM [Ru(tpy)(tp}/)]2+, 0.8 mM
CuTBTA, and 15 mM sodium ascorbate in 3:1 (v:v) DMSO:
H,O for 18 h at room temperature. The samples were rinsed
sequentially with MeOH, CHCl;, and IPA.

FTIR (Figure Sa) and XPS data (Figure Sb, c) provide
evidence for functionalization of the azide-modified SnO, surface
with the [Ru(tpy)(tpy’')]** complex. The FTIR data obtained
before and after the reaction are qualitatively similar to those
observed with TFMPA and ethynylferrocene. However, reduc-
tion of the peak intensity at 2100 cm ™" (surface azide peak) after
the CuAAC reaction with [Ru(tpy)(tpy’)]*" is less complete
than what was observed with TFMPA or ethynylferrocene. This
observation suggests that steric interactions limit the efficiency of
the surface CuAAC reaction. In the XPS data, the Ru(3ds,) peak
is close to the primary C(1s) peak (Figure Sb); the 3d;/,
spin—orbit component should be 2/3 the intensity of the
3ds/, component and should lie under the C(1s) peaks. The
N(1s) peaks (Figure Sc) again show the characteristic changes
expected from the azide functionalization step and subsequent
CuAAC reaction.

Figure 6 shows optical absorption spectra of the [Ru(tpy) (tpy’)]**
complex in DMSO, and a measurement made in transmission mode
of the complex linked to the SnO, surfaces. The spectrum
of [Ru(tpy)(tpy')]** in DMSO has a maximum at 487 nm and
appears similar to that reported previously for the unmodified
[Ru(tpy),]*" in acetone® and in acetonitrile.’” The spectrum of
the [Ru(tpy)(tpy’)]** bound to the surface appears similar to the
solution-phase spectrum, although slightly broadened and red-
shifted, with the absorption maximum at 496 nm. This shift results
from additional delocalization of the electrons onto the triazole ring
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Figure 7. Time-resolved surface photovoltage measurements of
[Ru(tpy)(tpy’)]** on SnO,. (a) Schematic illustration of apparatus.
(b) TR-SPV data from bare SnO, at different wavelength (indicated
in nm). (c) TR-SPV data from SnO, after grafting of [Ru(tpy)(tpy’ )
complex at different wavelengths (nm). (d) TR-SPV signal amplitude
normalized by photon energy for [Ru(tpy) (tpy’)]*" linked to SnO,.

and is indicative of covalent bond formation. The excitation spectrum
of [Ru(tpy)(tpy')]*" in DMSO at an emission wavelength of
680 nm shows a more complex spectrum, with a broad but structured
peak at 505 nm, and additional peaks at 290 and 405 nm. The
emission spectrum with excitation at 480 nm shows a maximum at
660 nm.

To characterize the charge injection of the [Ru(tpy)(tpy’)]**
complex into the nanocrystalline SnO, thin-film conduction
band, time-resolved surface photovoltage (TR-SPV) measure-
ments were performed. Figure 7a depicts the TR-SPV apparatus.
Figure 7b and Figure 7c show the resulting TR-SPV transients
measured at different wavelengths for the bare SnO, surface
(Figure 7b) and for [Ru(tpy)(tpy)]** bound to the SnO,
surface (Figure 7c). A constant energy of 600 uJ/pulse, 20 Hz
pulse rate was used.

The bare SnO, surface (Figure 7b) shows no significant
response in most of the visible region, although there is a small
response at the shortest wavelengths. The [Ru(tpy)(tpy’)]**/
SnO, sample clearly generates a much larger transient SPV
response (note the different vertical scales for Figure 7b,c).

The response from the [Ru(tpy) (tpy’)]**/SnO, sample reaches
a maximum at 490 nm, close to where the absorption spectrum
(Figure 6a) and fluorescence excitation spectrum (Figure 6b)
exhibit maxima. The positive sign of the transients corresponds
to injection of electrons from the molecule into the SnO, surface,
which leaves the surface with a transient positive charge that is
then detected via the sense electrode. The time-resolved signal
shows a fast rise and an almost equally fast fall time, both
corresponding to the ~3 ns width of the incident laser pulse.
Because the rapid rise and decay are close to the bandwidth limits
of the detection electronics, it is not possible to determine precise
electron injection kinetics. However, the results demonstrate that
optical excitation does induce significant charge transfer and that
measurable charge transfer takes place on time scales of ~3 ns or
less. The parent Ru(tpy),>* complex has an excited state lifetime
of 250 ps at room temperature.

Figure 7d shows normalized peak intensities vs wavelength, in
which the peak amplitudes from Figure 7c have been normalized
to represent the SPV generated per incident photon. This
wavelength dependence appears similar to that of the UV—visible
absorption spectrum in Figure 6, suggesting that all wavelengths
capable of being absorbed are also able to inject electrons from
the molecule into the SnO,.

H DISCUSSION

The above results demonstrate that photochemical grafting
combined with the use of the CuAAC “click” reaction provides a
versatile method to interface electrochemically and photoche-
mically active molecules with SnO,. It is reasonable to expect that
this methods will be suitable to functionalize other metal-oxide
semiconductor surfaces. The ability to transfer charge across
molecular interfaces is central to the use of molecular adducts in
applications such as photovoltaic devices and photocatalysis. Our
results suggest that the methods described here may be promis-
ing for these and other emerging applications.

Our approach to functionalization involves the use of a short
molecular linker (3-buten-1-ol) that provides a high density of
surface alcohol groups that are slightly removed from the surface.
By using a short spacer to move the —OH groups slightly away
from the metal oxide surface we enable a wide range of organic
chemistry reactions, such as the CuAAC reaction, to be used in
subsequent transformations. This approach enables the surface-
attachment chemistry to be optimized independently of the
synthesis of redox- and photoactive molecular species.

One potentially adverse effect of this two-step chemistry is that
the use of a molecular tether reduces the direct electronic coupling
between the appended electron-injector groups and the metal oxide
surfaces. For optimum electron transfer it might be desirable to link
molecules to the surface usin_; completely conjugated linkages.
Recent studies on metals,”' ™" carbon nanostructures,*>”* and
conductive diamond;*® however, have shown that electron transfer
in disordered molecular systems can be surprisingly facile, even
when alkyl chains and/or other nonconductive groups are included
in the molecular chains. This enhanced electron transfer has been
attributed to the increased conformational flexibility of loosely
tethered molecules, which allows a closer approach of the molecule
to the underlying substrate than would be the case for a densely
packed self-assembled monolayer.****”'~7% This property is
further supported by previous studies of electron transfer in
proteins’® and in DNA layers on surfaces.”"”>”®
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Although extraction of quantitative rates from the ferrocene/
SnO, data is complicated by the convolution of electron transfer
and charge trapping/detrapping processes in SnO, gap states,
our data with ferrocene imply that thermal electron transfer takes
place with a standard rate constant of >1000 s~ ", and our data for
[Ru(tpy)(tpy’)]** indicate that photoexcited electron transfer
can take place on time scales of 3 ns or less from excited
electronic states. Thus, we conclude that the use of “click”
chemistry as outlined here can be used as a way to link a diverse
range of electrochemically and photoelectrochemically active
groups to metal oxide surfaces. Additional studies will be
required to fully characterize the rates and mechanisms of
electron transfer.

B CONCLUSIONS

Our results demonstrate a modular approach to the functio-
nalization of metal oxide surfaces to yield electrochemically and
photoelectrochemically active surfaces. Photochemical grafting
of a short molecular layer provides a convenient means to
produce a high density of alcohol groups slightly separated from
the highly ionic (and reactive) metal oxide surface. Therefore,
subsequent steps, including conversion of surface —OH groups
to surface azides, can be carried out without undue concern about
the behavior of the underlying metal oxide. These steps then
allow the Cu(I)-catalyzed azide—alkyne [3 + 2] cycloaddition
“click” reaction to be carried out as a modular approach to form
electrochemically and photoelectrochemically active metal oxide
surfaces, demonstrated here through the model systems of
ethynylferrocene and [Ru(tpy)(tpy’)]*". Although alkyl chains
such as the short 3-buten-1-ol as the initial functionalization layer
are often considered to be insulating, our results show that
surface-tethered organometallic and coordination compounds
such as ferrocene and [Ru(tpy)(tpy’)]** can undergo facile
electron transfer to the metal oxides. Our results suggest that
the methods employed herein provide versatile and convenient
pathways toward the formation of hybrid interfaces of metal
oxides with organic molecules for potential applications in
renewable energy.
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