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ABSTRACT: Hydroxamic acids chelate metals with high affinity and form
hydrolytically stable complexes with metal oxides such as TiO,. However, these
appealing binding properties can cause problems during the preparation and
application of metallocatalysts with appended hydroxamate anchoring groups.
Here we show that the tetrahydropyran (THP) O-protected hydroxamate group TiO,
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can be cleaved in situ on a TiO, surface at room temperature, leading to the

surface-bound species. Surface-mediated deprotection has several advantages over direct surface functionalization including
increased hydrolytic stability of the covalent interaction with the metal oxide surface and decreased aggregation of the surface
species. Application of the surface-mediated chelation method for dye-sensitized photoelectrochemical cells (DSPC) was
examined using the organic dye MK-2. Results show that the surface-mediated deprotection led to improved DSPC performance
attributed to a decrease in dye aggregation relative to a DSPC prepared using standard methods. This simplified approach using
THP-protected hydroxamates provides a convenient new method for functionalizing metal oxides.

1. INTRODUCTION

Functional materials consisting of molecular monolayers on
metal oxides are key components in a wide variety of research
areas including photoelectrochemical cells, analytical and
preparative chromatography techniques, and biological imag-
ing.'® Methods for functionalizing metal oxides have recently
expanded with the introduction of additional anchoring groups
such as silatranes and hydroxamic acids.””'® These provide
increased stability of the covalent interaction with the surface
toward hydrolysis or under device irradiation conditions when
compared with carboxylic acid and phosphonic acid functional
groups on common metal oxide substrates such as TiO,.' %"
Hydrolytic stability is vital when working in aqueous
conditions, especially at alkaline pH, and in solutions where
traces of water can induce leaching of the chemisorbed
monolayer. For this reason, there is increasing interest in the
use of silatranes and hydroxamic acids as surface-anchoring
functional groups in molecular designs for aqueous-based
photoelectrochemical cells.'>"*

We have previously shown that hydroxamic acids are a
suitable replacement for carboxylic acids in photoelectrochem-
ical cells due to their superior hydrolytic stability and electronic
properties that promote rapid photoinduced electron transfer
between the monolayer and metal oxide conduction band.”*""
Their straightforward synthesis from carboxylic acids and
hydroxylamine derivatives allows for integration into molecular
designs that would have otherwise utilized a less stable
carboxylate surface anchor.'” The use of the O-tetrahydro-
2H-pyran-2-yl (THP) protected form increases resistance to
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metal chelation, providing a route to synthesize catalysts with
appended THP-protected hydroxamates.

We have recently begun analyzing the hydroxamic acid (HA)
m01ety 1n detail, particularly focusing on how it binds to metal
oxides.'® When we attempted deposition from the THP-
protected form, we observed spontaneous deprotection at room
temperature on a variety of metal oxides including silica, tin
oxide, and titanium dioxide to form a functionalized substrate.'”
Similar reactions have been utilized for deprotection of THP-
protected alcohols on acidic heterogeneous substrates, albeit
without any strong adhesion to the material.'” The surface
deprotection route is similar in principle to the one that applies
to the silatrane functional group, where a trialkoxysilane
protected with triethanolamine is deprotected on metal oxide
surfaces to form siloxyl monolayers.'* Here, we report a
detailed analysis of the surface-mediated deprotection of THP-
protected hydroxamic acids on anatase TiO,, leading to the
surface-bound species. We employ infrared spectroscopy to
characterize the binding mode of the hydroxamate bound
species, dye desorption experiments to characterize the relative
binding strength, and nanosecond transient absorption
measurements to characterize the rate of interfacial electron
transfer. In addition, we also explore the performance of the
surface-bound dyes with hydroxamic acid anchoring groups in
photoelectrochemical cells as a function of the method of
surface binding.
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2. EXPERIMENTAL METHODS

2.1. Materials. O-(Tetrahydro-2H-pyran-2-yl)-
hydroxylamine and TiO, powder (anatase, <25 nm particle
size) were obtained from Aldrich, phenylhydroxamic acid
(phenyl-HA) was obtained from TCI Chemicals, acetohy-
droxamic acid (aceto-HA) was obtained from Acros, and
tetrahydro-2H-pyran-2-ol (THP—OH) was obtained from
Santa Cruz Biotech. MK-2THP and MK-2HA were prepared
according to a published procedure.'” Other chemicals were
obtained from commercial sources and used as received.
Fluorine-doped tin oxide (FTO, TEC7 & TEC1S) was
obtained from Hartford Glass. Titanium dioxide paste was
obtained from Solaronix (14411, T-SP) and Dyesol (18NR-
AO).

2.2. Synthesis. Aceto-THP: O-(Tetrahydro-2H-pyran-2-
yDhydroxylamine (127 mg, 1.1 mmol), 4 mL of dry
dichloromethane, and 300 uL of triethylamine (2.2 mmol)
were added to a dry flask. Acetic anhydride (105 yL, 1.1 mmol)
was added, the reaction was refluxed under a nitrogen
atmosphere for 4 h, and then it was stirred overnight at
room temperature. The solvents were removed by distillation
under reduced pressure. The crude material was purified by
silica gel column chromatography using deactivated silica
prepared by soaking silica in a dichloromethane solution
containing 1% triethylamine for 24 h followed by solvent
removal. Chromatography was performed using dichloro-
methane containing 15% acetone as eluent. Fractions
containing the pure product were combined and dried by
distillation under reduced pressure to yield aceto-HA-THP as a
clear viscous gel that converted to a glassy solid over time.
Yield: 164 mg (95%).

'H NMR (400 MHz, methanol-d,): 5 4.88 (t, ] = 2.4 Hz, 1H,
O—CH-0), 3.98 (dt, ] = 10.8 Hz, 2.6 Hz, 1H, O—CH,),
3.52-3.57 (m, 1H, O—CH,), 1.88 (s, 3H, CH,), 1.84—1.53 (m,
6H). '*C NMR (100 MHz, methanol-d,): § 169.74 (C=0),
103.14 (O—CH-0), 62.99 (O—CH,), 2892 (CH,), 26.24
(CH,), 19.52, 19.43. Elemental Analysis for C,H;3NOs;:
Calculated: C 52.82; H 8.23; N 8.80. Measured: C 53.08; H
8.28; N 8.56.

Phenyl-THP: Benzoic acid (251 mg, 2.05 mmol) and
anhydrous benzene (50 mL) were added to a dry flask under
nitrogen and were gently stirred at room temperature. Oxalyl
chloride (0.21 mL, 2.43 mmol) and anhydrous dimethylforma-
mide (5 uL) were added to the solution. Bubbles in the clear,
colorless solution were observed after this addition. After 90
min, approximately 60% of the solvent volume was removed via
vacuum. Anhydrous triethylamine (0.28 mL, 2.00 mmol) was
added to the clear, yellow solution, which immediately began
fuming and turned golden yellow. O-(Tetrahydro-pyran-4-yl)-
hydroxylamine (358 mg, 3.05 mmol) dissolved in dichloro-
methane (16 mL) was then added to the solution. The reaction
solution was stirred at room temperature for 2 h. Ethyl acetate
(50 mL) was added to the solution and then washed with
aqueous 5% sodium bicarbonate (2 X S0 mL). The ethyl
acetate layer was then washed with brine (50 mL) and dried
over sodium sulfate, and the solvent was removed under
vacuum producing a white solid. The solid was purified on a
silica gel column using a 10% acetone/dichloromethane
mixture as the eluent. Fractions containing the pure product
were combined and dried under vacuum. The product was a
white solid. Yield: 213 mg (47%).

'H NMR (400 MHz, acetone-ds) 6 10.75 (s, 1H, NH),
7.87—7.79 (m, 2H, aryl-H), 7.57—7.50 (m, 1H, aryl-H), 7.49—
7.39 (m, 2H, aryl-H), 5.09 (t, J = 2.9 Hz, 1H, CH THP ring),
4.08 (ddd, J = 11.5, 9.9, 3.1 Hz, 1H, O—CH—0), 3.53 (dtd, ] =
114, 3.8, 1.6 Hz, 1H, O—CH,), 1.88—1.68 (m, 3H, O—CH,—
CH,), 1.67-1.47 (m, 3H, CH,—CH,). *C NMR (100 MHz,
acetone) § 205.32 (C=0), 132.92 (C), 131.46 (CH), 128.35
(CH), 127.18 (CH), 101.48 (O—CH-0), 61.46 (CH,—O),
28.04 (CH,), 25.06 (CH,), 18.37 (CH,). Elemental Analysis
for C,H;sNO;: Calculated: C 65.14; H 6.83; N 6.33.
Measured: C 64.84; H 6.56; N 6.30.

2.3. Instrumentation. NMR spectra were obtained on a
400 MHz (*H)/100 MHz (**C) instrument, with chemical
shifts reported as 6 ppm from an internal TMS standard. NMR
spectra can be found in the Supporting Information. Elemental
analysis was performed by Robertson Microlit Laboratories
(Ledgewood, NJ). Nanosecond transient absorption measure-
ments were performed with an LP920 laser flash photolysis
spectrometer (Edinburgh Instruments), and the details of these
experiments can be found in the Supporting Information.
Infrared (IR) spectra were obtained using an Agilent Cary 660
FTIR with a diamond ATR attachment from Pike Tech-
nologies. IR spectra of functionalized TiO, on FTO were
obtained by pressing the substrate onto the ATR diamond
surface. Background IR spectra were taken of nonfunctionalized
TiO, substrates. IR spectra of nonadsorbed compounds were
obtained using IR-ATR from dropcast films of the pure
materials.

Nanoparticulate titania films (~$ gm) on FTO (TEC1S)
were prepared using TiO, nanoparticle colloid (Solaronix, T/
SP) by doctor blading and and sintering at 470 °C for a period
of 30 min. The electrodes were stored at 110 °C.
Functionalization was performed by soaking overnight in ~1
mM solutions of the desired molecule in acetonitrile or toluene
and then rinsing in solvent and drying under vacuum. Not all
molecules were entirely soluble in toluene at this concentration.
However, the spectra obtained for toluene and acetonitrile were
indistinguishable, with toluene providing higher signal-to-noise.

2.4. Assembly and Characterization of Dye-Sensitized
Photoelectrochemical Cell (DSPCs). DSPC cells were
assembled according to a previously published procedure, and
specific details can be found in the Supporting Informa-
tion.'”'®!? The J—V characteristics of the functioning devices
were measured under illumination by AM1.5G light produced
by a 300 W Xe lamp passed through an AMI.SG filter
(Newport Corporation) and a Keithley 2400C source meter.
The light intensity was adjusted with a diode calibrated by
Newport to ASTM E948-09 and E1021-06 standards. The
samples were allowed to equilibrate under illumination for a
period of 3 min before the J—V curves were obtained. EQE
spectra were collected from the devices by passing the output of
a 300 W Xe lamp through a monochromator (Newport
Corporation) to select wavelengths from 300—800 nm. Five
DSPCs for each molecule were used for statistical averaging.

2.5. Loading Studies Procedure. The loading of phenyl-
HA and phenyl-THP on dispersed TiO, nanoparticles (Sigma-
Aldrich, < 25 nm) was determined by UV—visible spectroscopy.
A stock solution of each sensitizer was prepared in anhydrous
acetonitrile with a concentration of ~0.3 mM, and the precise
concentration was determined by UV—visible spectroscopy. A
premeasured quantity of as-received TiO, nanoparticle powder
(Sigma-Aldrich, 99.7%, 45—55 m*g™", Lot: MKBK2771 V) was
heated to 120 °C in a drying oven for a period of 24 h before
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adding an aliquot of sensitizer solution. The mixture was
sonicated for 15 min to disperse the nanoparticles and stirred
for 16 h to allow for sensitization. The particles were removed
from the solution by centrifugation, and the concentration of
the sensitizer was determined in the supernatant by UV—visible
spectroscopy, allowing the quantity of sensitizer loaded to be
calculated. The number of dye molecules was normalized to the
surface area of the particles, which was calculated from the
specific surface area of the particles.

2.6. Dye Desorption Experiments. Dye desorption was
performed on mesoporous films sensitized with either MK-
2THP or MK-2HA for a period of 16 h. After sensitization, the
films were removed from the sensitizer solution and placed into
anhydrous toluene for a period of 5—10 min to remove excess
dye from the pores of the film. The films were then dried under
a stream of nitrogen and transferred to a solution of 1% water
dissolved in anhydrous dimethylformamide (DMF, Sigma-
Aldrich, <0.005% H,O, 99.8%, stored under argon). Once
immersed, the UV—visible spectrum of the solution was
measured periodically to detect the evolution of the desorbed
dye in the solution. After 160 min, the film was removed from
the DMF solution and washed in fresh anhydrous DMF to
remove excess dissolved dye from the pores. The film still
containing some dye on the surface was then transferred to a
solution of ~3 mM tetrabutylammonium hydroxide (TBAH)
prepared by diluting a 1 M solution of TBAH (Acros Organics)
in methanol in tetrahydrofuran (THF), which removed the
remaining dye. The concentration of dye in the TBAH/THF
solution was determined by UV—visible spectroscopy. The total
dye loading was determined from the sum of the dye desorbed
into the H,O/DMF solution and the dye desorbed into the
TBAH/THEF solution. The percent dye desorbed shown in
Figure 3A was calculated from the amount of dye desorbed at a
given time in the H,O/DMF solution relative to the total
amount of dye desorbed.

3. RESULTS AND DISCUSSION

The aceto-, phenyl, and MK-2THP derivatives shown in
Figure 1 were synthesized by coupling activated carboxyl
groups with THP-protected hydroxylamine. MK-2HA was
obtained from the hydrolytic cleavage of MK-2THP in the
presence of acetic acid.

Deprotection of the THP-hydroxamates on the surface of a
metal oxide in situ avoids the tedious deprotection step in the
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aceto-THP X=THP
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Figure 1. Aceto-, phenyl-, and MK-2 hydroxamate derivatives.

standard synthetic sequence. In addition, THP-protected
hydroxamates have greatly improved solubility in organic
solvents compared to the deprotected acids. Our previous
results suggested that Lewis acidic metals such as Ti(IV),
Si(IV), and Sn(IV) could act as catalysts for the acid-promoted
deprotection of THP-hydroxamates to hydroxamic acids, with
the active catalyst as either the Lewis acid itself or possibly a
Bronsted acid originating from the strongly bound surface
water monolayer on those metal oxide surfaces."”

Initial studies of the deprotection of phenyl-THP on TiO,
sought to optimize the experimental methods for surface
deprotection based on the loading of the surface species and
the binding strength. Solvent screening showed that non-
coordinating solvents such as toluene and acetonitrile allowed
for the deprotection to occur on TiO,. This is in agreement
with our previous assessment that the exposed Ti(IV) atoms or
bound acidic water molecules must be accessible and not
deactivated by a competing ligand. It is also consistent with our
ability to more easily purify the THP-protected products using
chromatography on triethylamine-deactivated silica, while
degradation occurred in some cases when the parent acidic
silica was employed.

Crystalline anatase TiO, powder was dispersed into a
solution of the sensitizer molecule in anhydrous acetonitrile
at various temperatures in order to quantify the surface
concentrations of phenyl-HA and phenyl-THP. The surface
loading was obtained by measuring the change in concentration
of the sensitizer solution after exposure to the particles for a
period of 16 h. The results are summarized in Table 1 for

Table 1. TiO, Surface Loading for Phenylhydroxamic Acid
(Phenyl-HA) and THP-Phenylhydroxamate (Phenyl-THP)

molecule temp (°C) loading (molecules-nm™)“
phenyl-HA 22 1.9 £ 02
60 2.0 + 03"
phenyl-THP 22 0.85 = 0.07
60 0.95 + 0.02

“The loading was determined by measuring the change in
concentration of a 0.3 mM solution of the sensitizer molecule in
acetonitrile before and after exposure to dispersed TiO, nanoparticles.
The average surface area of the nanoparticles as reported by the
manufacturer is 50 m>g™!, which was used to calculate the surface
loading. ®A second species was formed in solution with an absorption

peak at ~270 nm in addition to the primary phenyl-HA.

reactions carried out at room temperature and at 60 °C. The
loading of the THP-protected species does not display a
significant temperature-dependence, which indicates that the
surface-mediated deprotection reaction occurs efficiently at
room temperature.

In the case of the TiO, particles sensitized with phenyl-HA at
60 °C, the peak at 227 nm assigned to the phenyl-HA was
accompanied by a second broad peak centered at ~270 nm.
Based on recent characterization of solubilized Ti** complexes
with phenyl-HA ligands, we assign this peak to the corrosion of
the TiO, nanoparticles by the phenyl-HA leading to the
formation of Ti*' complexes in solution during the
sensitization.'® This is consistent with prior reports, which
have demonstrated that hydroxamic acid species are utilized by
siderophores to solubilize metal atoms.”® This finding further
highlights the high binding affinity of hydroxamate anchoring

groups to metal oxide surfaces. It is important to note that the
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formation of the complex may lead to a slight overestimate of
the surface loading since the sensitizer is removed from the
solution by both coating the surface of the particles and by
forming the complexes in solution.

Interestingly, the loading of the THP-protected species of
~0.9 molecules:nm™ was less than one-half that of the value of
~2 molecules'nm ™ measured for the free-hydroxamate (Table
1). To investigate this finding further, an NMR study
performed in dj-acetonitrile solvent with phenyl-THP and
nanoparticulate TiO, showed that the entirety of the phenyl-
THP molecular components was bound to the surface (Figure
S1). The products of the deprotection in a standard solution-
phase reaction are the hydroxamic acid and tetrahydro-2H-
pyran-2-ol (THP—OH). While this deprotection reaction for
THP-hydroxamates is known, the characterization of a
heterogeneous metal oxide-catalyzed reaction has not been
performed.”!

To delve deeper into the identity of the surface-bound
species, Fourier transform infrared spectra utilizing attenuated
total reflectance (FT-IR-ATR) were obtained for TiO,
functionalized with aceto-HA, aceto-THP, phenyl-HA, phe-
nyl-THP, and THP—OH (Figure 2, with the IR of the

we= Phenyl-THP
=== Phenyl-HA
=== Aceto-THP
= Aceto-HA
= THP-OH

1800 1600 1400 1200 1000 80

Wavenumber (cm_l)

Transmittance (%)

Figure 2. FT-IR-ATR spectra of molecules on anatase TiO,.
Nonfunctionalized TiO, was used as background for the experiment.
Spectra are vertically offset for clarity, and large y-axis tick increments
correspond to 1%T.

nonadsorbed compounds shown for comparison in Figure S2).
A comprehensive experimental and theoretical analysis of
hydroxamate binding to anatase TiO, has recently been
published by our group,'® with extensive IR analyses of the
surface-bound species. Prominent bands in the range 1450—
1600 cm™ have been attributed to C=0, C—N, and other
vibrational modes with strong skeletal coupling causing
complicated signals.'®*>** The IR spectra shown in Figure 2
reveal significant overlap for all vibrational peaks between the
surface-bound species originating from either the hydroxamic
acid or THP analogue, but with an important difference. The
aceto- and phenyl-THP analogues show noticeable differences
in the spectral range between 1500 and 1600 cm™" due to an
underlying broad peak assigned to the surface-bound byproduct
THP—OH. An additional less intense peak near 1400 cm™" can
also be seen. Other THP—OH peaks are generally too broad to
be distinguished in the spectrum. Broad inverted peaks related

to surface water molecules near 1650 and 775 cm™! are

characteristic of surface-bound IR spectra of anatase TiO, and
are the result of displacing surface water molecules with other
species.lé’24

While we cannot observe the intermediate products of the
deprotection prior to surface adsorption, an IR analysis of the
unbound hydroxamic acid, THP-protected analogues, and
THP—OH (Figure S2) show that numerous bands correspond-
ing to the THP moiety between 800 and 1200 cm™" disappear
when bound to the TiO, surface. This is coupled with the rise
of the broad band near 1550 cm™'. These are consistent
features both for the surface deprotection of THP-protected
molecules and the surface-binding of THP—OH. The
remaining bands attributed to the surface-bound hydroxamate
overlay those of the surface-bound species originating from the
pure hydroxamic acid analogue. Thus, the evidence suggests
that the products of the surface-mediated deprotection are the
hydroxamic acid and THP—OH, both of which bind to TiO,.

Overall, the IR spectra support the conclusion that the
surface connection originating from either the hydroxamic acid
or THP analogue is essentially identical and aligns with our
NMR-study conclusions that the THP—OH byproduct is also
surface-bound in the latter case. Returning to our surface
loading studies in Table 1, the evidence suggests that lower
surface loading levels from surface-mediated THP deprotection
are due to the simultaneous binding of the hydroxamate and
the THP—OH species, which decreases the number of active
binding sites by increasing the effective molecular footprint.

To extend our study to a practical application, we also
examined the surface-mediated deprotection and adsorption of
commercially available MK-2 dye functionalized with a THP-
protected hydroxamate anchoring group (MK-2THP) on
nanoparticulate TiO, thin films. We compared these results
with the MK-2THP dye that was previously deprotected using
standard methods (MK-2HA) before adsorption. In this case,
the loading experiments were performed on TiO, nanoparticle
films immersed into toluene solutions containing MK-2THP or
MK-2HA dye, because MK-2 derivatives are not soluble in
acetonitrile. In an analogous fashion to the phenyl-THP, the
adsorption of MK-2THP in toluene readily occurs at room
temperature and the loading did not significantly depend on the
adsorption temperature. The TiO, surface loadings of the MK-
2THP and MK-2HA dyes on TiO, nanoparticulate films were
determined to be very similar: 63.4 and 66.6 nmol-cm™?,
respectively. This result contrasted with the surface loading of
the phenyl-THP and phenyl-HA but is possibly due to the
surface coverage being dominated by the relatively large MK-2
dye on the surface compared to the cobound THP—OH. Most
of the steric bulk of the MK-2 dye is due to the alkyl chains on
the thiophenes, while the dye cross section near the TiO,
surface is relatively unhindered, possibly allowing the THP—
OH to nest in that space between dyes. In addition, the known
aggregation of MK-2 analogues could hinder the quantitative
analysis.”’

We further characterized the binding affinity and aggregation
behavior of the MK-2THP and MK-2HA sensitized films by
performing dye-desorption studies. Dye desorption was
performed in a solution of dimethylformamide (DMF)
containing 1% water to facilitate the hydrolysis of the HA—
TiO, bond, and the concentration of the desorbed dye was
measured as a function of time utilizing UV—visible spectros-
copy. The resulting desorption curves are shown in Figure 3.
The kinetics of dye desorption and the relative mole-fractions
of covalently bound dye and nonspecifically bound dye were
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Figure 3. Dye desorption curves shown as the percent dye desorbed (A) and the surface concentration of the dye in nmol/cm? (B, normalized to the
geometric area of the nanoparticle thin film) as a function of immersion time in a solution of 1% H,0 in DMF. Fits of eq 2 to the experimental data

are shown as the green curves.

Table 2. Parameters from Double Exponential Fits of Eq 2 to the Desorption Curves”

sample total dye (nmol-cm™2) SRS
MK-2THP 63.4 0.24 + 0.02
MK-2HA 66.6 0.36 + 0.01

ks (min~") XcB kep (min~")
0.7 = 0.1 0.76 + 0.04 0.013 + 0.001
1.6 + 0.3 0.64 + 0.03 0.024 + 0.002

“Total dye was determined using extinction coefficients for MK-2 and the geometric area of the nanoparticulate thin film.
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Figure 4. Current density vs applied potential (A) and external quantum efficiency spectra (B) for representative DSPCs sensitized with the MK-

2THP and MK-2HA dyes.

determined from fits of the desorption curves (Figure 3B).
Previous studies have shown that a monolayer of the MK-2HA
dye consists of a combination of dye that is covalently
(specifically) bound to the surface and weakly associated dye in
the form of aggregated dye particles on the surface of the
monolayer.'>*>*® In previous reports by our group,'”'? the
data were fit with a single exponential (eq 1)

[dye]soln = [dye]total)(eq(l - e_kt) + [dye]total)(NS (1)

where [dye],,, is the concentration of dye in solution, [dye].
is the total concentration of the dye in solution and adsorbed
on the particles, k is the desorption rate constant, y.q is the
mole fraction of dye in solution at equilibrium, and yyg is the
mole fraction of dye that is nonspecifically bound to the surface.
In this case, it is assumed that the nonspecifically bound dye
desorbed instantaneously and is, therefore, treated as an offset
to the exponential desorption of the covalently bound dye.
Herein, we extend our model and employ a double exponential
expression (eq 2)

12499

[dye]soln = [dye]total)(CB(l - e_kCBt)
+ [dye]total)(NB(l - e_kNBt) (2)

where kcp and ycp are the rate constant and mole fraction of
the covalently bound dye at equilibrium, respectively, and kyg
and ynp are the rate constant and mole fraction of the
nonspecifically bound dye in solution at equilibrium,
respectively. The results of fitting eq 2 to the data are
summarized in Table 2.

In both cases, the nonspecifically bound dye accounts for a
significant percentage of the total surface loading and is rapidly
desorbed with rate constant ~1 min™!, which is consistent with
previous results.'> The surface-mediated deprotection process
leads to a lower fraction of dye aggregation (included in
nonspecifically bound desorption data, yys) when the surface is
loaded with MK-2THP relative to MK-2HA (24% vs 36%).
This is consistent with the mechanism of adsorption in the case
of the MK-2THP because adsorption can only occur after the
THP protecting group is removed by the surface. On the other
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hand, adsorption of MK-2HA can proceed rapidly because all of
the dye molecules in solution have active hydroxamate
anchoring groups.

In terms of the covalently bound dye, the desorption rate
constant of the surface-bound MK-2THP is nearly twofold
lower than the MK-2HA (0.013 vs 0.024 min™"). In fact, after
150 min of exposure to the desorption solution, Figure 3B
reveals that the MK-2THP sensitized film retains 40% of the
total dye loading whereas the MK-2HA sensitized film retains
only 20%. Collectively, these results suggest that the covalent
interaction formed by the surface-mediated deprotection
process is less susceptible to hydrolysis than that formed
from the free hydroxamic acid. This could be due to the
hydrophobic or steric interactions of the cobound THP—OH
on the TiO,. The lower susceptibility to hydrolytic desorption
is an added bonus to the already greater stability of
hydroxamates over carboxylate linkages, making it even more
attractive for applications in aqueous photoelectrochemical cells
such as water-splitting cells.””

To investigate the performance of the dye monolayer formed
by the surface-mediated deposition process, we assembled
operating dye-sensitized photoelectrochemical cells (DSPCs)
with films sensitized by the MK-2THP and MK-2HA dyes. The
current density vs potential (J—V) curves (Figure 4A) revealed
that the DSPCs sensitized by the surface-mediated deprotection
of the MK-2THP led to improved photoelectrochemical
performance. The MK-2THP DSPCs maintained an average
efficiency of 5.3%, which was significantly enhanced relative to
the efficiency of 3.7% measured for the MK-2HA dye (Table
3). The increase in efficiency correlates with increases in the

Table 3. DSP Characteristics Measured under AM1.5G Light
at 100 mW+-cm ™2

efficiency
DSPC V.. (V) Joo (mA-cm™2) il factor (%)
MK- 0.676 + 0.008 13+2 0.62 +£003 53 +08
2THP
MK-2HA  0.645 + 0.018 9+2 0.65 + 003 3.7 + 0.7

short-circuit current density (J,.) and the open-circuit voltage
(V,.) of the MK-2THP DSPC relative to the MK-2HA DSPC.
External quantum efficiency (EQE) spectra shown in Figure 4B
reveal that the photon to electron conversion efficiency is
greater at wavelengths above 450 nm. The increased efficiency
at longer wavelengths is likely due to a decrease in light filtering
by aggregated dyes, as suggested by our desorption experi-
ments.

The DSPC results demonstrate that the dye monolayer
formed by surface-mediated deprotection leads to higher
overall photoelectrochemical performance. We suggest that
the higher performance results from several advantages of the in
situ, surface-mediated deprotection process. First, the surface-
mediated process leads to a lower degree of dye aggregation
(Table 2), which is consistent with the higher EQE values
(Figure 4B). Dye aggregation has been shown previously to
result in decreased photon-to-electron conversion efficiency
because photoexcited electrons can relax via pathways that do
not involve electron injection into the metal oxide surface.”®
Second, the desorption results suggest that the surface-
mediated process leads to a strong covalent interaction with
the surface of the metal oxide, similar to that of the hydroxamic
acid analogue. This has been shown in prior studies to lead to
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favorable increases in the rate and efliciency of electron
transfer.'”

As a preliminary electron-transfer study, the rate of
recombination of the charge-separated state was measured by
transient absorption of the dye-sensitized TiO, films in an
acetonitrile solution of 0.1 M NaClO,. Figure 5 shows the

1.0

0.1 M NaClO, in MeCN
— MK-2HA
= MK-2THP
—— Stretched Exponential Fit

0.8

0.6

0.4

Normalized AOD

0.2

_
0.1

678 2 3 45678
0.01
Time (ms)

Figure S. Transient absorption curves measured at 800 nm for the
decay of the charge-separated state of MK-2THP and MK-2HA
sensitized TiO, nanoparticle films immersed in 0.1 M NaClO, in
acetonitrile. The injection was induced by an optical pump pulse at
560 nm. The green lines depict the stretched exponential curve that
was fit to the data.

average transient absorption of the charge-separated state for
the MK-2HA and MK-2THP dye. The decay in the transient is
associated with the recombination of injected electrons in the
conduction band with the oxidized dye. The lifetimes of
recombination were determined by fitting a stretched
exponential function (eq 3), where A is the amplitude, t is
the time, £, is the time-offset, 7 is the lifetime, and f is the
stretch parameter, which can range from 0 to 1.”

)ﬂ ©)

The average lifetime for the decay of the charge-separated state
(Tun) is calculated from the values of 7 and f§ according to eq 4,
where I is the gamma function.

T. = lf
i) p (ﬁ] (4)

The results of this analysis (Table 4) revealed that the films
maintain essentially identical average recombination rates of 3.6

t—t,

AQOD, = Aexp(
T

1

Table 4. Parameters Determined from Fitting a Stretched
Exponential Function to the Transients Shown in Figure §

dye Yo 7 (us) J/ Tune (HS)
MK-2HA 0.0248(3) 0.36(1) 0.295(6) 3.61
MK-2THP 0.0276(3) 0.189(9) 0.265(6) 321
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and 3.2 ps. On the basis of these preliminary results, the data
suggest that the pathway of electron recombination is similar
regardless of how the dye is anchored. Although beyond the
scope of this report, time-resolved terahertz spectroscopy
experiments are underway to characterize the rate and
efficiency of electron injection in these films, both in air and
under operating conditions.*®

4. CONCLUSIONS

In this study, we have shown that THP-protected hydroxamic
acids can act as direct precursors for anchoring to TiO, via a
surface-mediated reaction. For the molecules with relatively
small molecular footprints, this yielded surfaces with decreased
coverage density due to cobinding of the THP—OH byproduct.
However, the surface coverage obtained for the relatively bulky
MK-2THP organic dye is similar to that of the MK-2HA, but
with decreased aggregation, causing an increase in DSPC
performance. In addition, the surface linkage resulting from
surface-mediated deprotection and chelation is more hydro-
Iytically stable than that from the hydroxamic acid. Beyond the
ease of synthesis and improved solubility properties of the
THP-protected hydroxamates over the hydroxamic acid
analogues, they also provide additional benefits in terms of
efficiency in photoelectrochemical cells.

The results coincide with our recent analysis of the binding
of hydroxamic acids on anatase TiO,. The previously
determined binding scheme has the hydroxamic acid
monodeprotonated and binding in a chelating geometry
(Figure 6).'® The present results show that the surface species

HN—(

O, 0
N
Ti

Figure 6. Surface-binding geometry of the hydroxamic acid anchor on
TiO, where R is an organic substituent.

formed during the surface-mediated THP deprotection were
more kinetically stable to hydrolysis than those originating from
the hydroxamic acid and suggest that either the former’s
surface-bonding scheme is different from the latter or the
surface itself is different, such as from protective coadsorption
of the THP—OH. The similarity of our IR spectroscopic data
suggests that the major binding mode for the THP analogues
deprotected on TiO, is the same as the hydroxamic acid
analogues, but this does not take into account either a
cooperative effect on the surface with the THP—OH byproduct
or reorientation of the surface structure during deprotection as
previously suggested.'® Studies are currently underway to
determine the most likely possibilities for the surface-bound
geometry.
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Assembly of Dye Sensitized Photoelectrochemical Cell (DSPCs)

Photoanodes were prepared on TEC15 FTO glass (Hartford Glass).'” The TEC15 glass was
pretreated with a compact TiO, thin film by immersing the glass into an aqueous solution of
40 mM titanium chloride at 75 °C for a period of 30 min. The TiO; film was crystallized by
annealing at 570 °C for a period of 10 min. A mesoporous TiO, film consisting of 15 pum
transparent TiO; nanoparticles (Solaronix, T/SP) and 10 um scattering TiO, (Dyesol, 18NR-AO)
was deposited by doctor-blading. The films were crystallized at 470 °C for a period of 30 min.
Finally, the FTO and mesoporous film were treated a second time with the titanium chloride
solution and the substrate was re-annealed at 570 °C for 10 min. Thin films of mesoporous TiO,
for FTIR studies were prepared by diluting the transparent paste with a mixture consisting of
50% a-terpineol and 50% of an ethyl cellulose solution prepared in ethanol.

Solutions of the sensitizers were prepared in either anhydrous acetonitrile (Phenyl-THP &
Phenyl-HA) or anhydrous toluene (MK-2THP & MK-2HA) with a concentration of ~0.3 mM.
While still hot (~80 °C) from the final annealing process, the films were transferred into the
sensitizer solutions and allowed to sensitize for a period of 16 h. In the experiments with
sensitization performed at elevated temperatures, the sensitizer solution was pre-heated under
argon to the desired temperature before adding the mesoporous TiO, film. In all cases, the films
were simultaneously sensitized with the hydroxamic acid and THP-protected hydroxamic acid
under identical conditions (i.e. in the same heating bath) to avoid any variation in the time or
temperature from sample-to-sample.

The counter electrodes were prepared on TEC7 FTO pieces (Hartford Glass) and a 1 mm hole
was pre-drilled to allow for the introduction of electrolyte. A solution of 8 wt%
hexachloroplatinic acid was brushed onto the surface and allowed to dry under ambient
conditions. The platinum was crystallized by heating the substrates at 450 °C for 30 min.
Functioning devices were assembled by bonding the photoanode with the cathode using a 60 um
thick Surelyn heat melt spacer. The electrolyte was introduced into the cell by vacuum backing
filling. In this case, the electrolyte consisted of combination of 1,2-dimethyl-3-
propylimidazolium iodide (DMPII, TCI, 0.6 M), lithium iodide (anhydrous, 99.95%, Alfa Aesar,
0.1 M), iodine (pure, Acros Organics, 0.2 M), 4-tert-butylpyridine (TBP, Sigma-Aldrich, 0.5 M)
and anhydrous acetonitrile as the solvent (Omni Solv, EMD Millipore).

Nanosecond transient absorption

Transient absorption measurements were performed with a LP920 laser flash photolysis
spectrometer (Edinburgh Instruments). Excitation of the sample achieved using an optical
parametric oscillator (OPO, Spectra-Physics basiScan-M, 1 c¢cm beam diameter, 200 mJ per
pulse), pumped by the third harmonic of a Nd:YAG laser system (Spectra-Physics Quanta-Ray
INDI 40-10, 5 — 8 ns pulses, operated at 1 Hz). The output of the OPO produced a pulse with a
wavelength of 560 nm. A combination of short- and long-pass filters placed between the sample
and the detector removed scattered light from the laser pulse. The white light probe was
produced by a 450 W Xe arc lamp pulsed at 1 Hz. Transmitted light was focused into a 0.3 m
focal length monochromator and was detected by a photomultiplier tube (PMT, Hamamatsu,
LP920-K Near-IR detector). Single wavelength transient absorption curves were collected at
800 nm. The PMT current was amplified and recorded with a transient digitizer (Tektronix TDS
3032C). The samples consisted of TiO, films deposited onto TEC 15 FTO glass, which were
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sensitized with the appropriate dye. The films were placed into a 1 cm x 1 cm quartz cuvette at a
45° angle containing 0.1 M NaClQOy in acetonitrile.
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Figure S1. 1H NMR in d;-acetonitrile of Phenyl-THP before (A) and soaking overnight at room
temperature with anatase TiO, powder (B). Tetramethylsilane was used as internal standard for
integration. Signals for acetonitrile and water show increased signals, likely due to proton
exchange with the TiO, surface water monolayer. Residual signals for Phenyl-THP are
highlighted for integration purposes, but minor impurities or detritus from unknown
decompositions overlay peaks for the THP moiety.
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Figure S2. FT-IR-ATR spectra of pure aceto-THP (black), aceto-HA (green), phenyl-THP (red),
phenyl-HA (orange), and THP-OH (blue).
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