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Abstract.

The electrografting of [Ru(ttt)(tpy-CsHa-N,)]>*, where “ttt” is 4,4°,4" -tri-tert-butyl-2,2":6,2’-
terpyridine was investigated on several wide band gap metal oxide surfaces (TiO2, SnO,, ZrO,,
Zn0, Iny03:Sn) and compared to structurally analogous sensitizers that differed only by the
anchoring group, i.e. -PO3;H;, and -COOH. An optimized procedure for diazonium electrografting
to semiconductor metal oxides is presented that allowed surface coverages that ranged between
4.7x10® and 10.6 x10™® mol cm™ depending on the nature of the metal oxide. FTIR analysis showed
the disappearance of the diazonium stretches at 2266 cm™ after electrografting. XPS analysis
revealed a characteristic peak of Ru 3d at 285 eV as well as a peak at 531.6 eV that was attributed
to Ols in Ti-O-C bonds. Photocurrents were measured to assess electron injection efficiency of
these modified surfaces. The electrografted sensitizers exhibited excellent stability across a range
of pH spanning from 1 to 14, where classical binding groups such as carboxylic and phosphonic

derivatives were hydrolyzed.



Introduction.

Wide band gap metal oxide (MOx) semiconductor materials have applications in batteries,
optoelectronics, electrocatalysis, and solar energy conversion.' Of specific importance to this
work, mesoporous nanocrystalline MOXx thin films serve as photoanodes or photocathodes for solar
energy conversion in dye-sensitized solar cells (DSSC) and dye-sensitized photoelectrosynthesis
cells (DSPECs).“’5 In DSPECs, a photosensitizer, anchored to the photoanode (often TiO,, SnO,,
or a Sn0,-Ti0O, core-shell material) is excited by sunlight, which causes electron injection into the
MOx acceptor states. The oxidized sensitizer is regenerated by electron transfer from a water
oxidation catalyst present either in solution or co-adsorbed to the MOx photoanode. This process
is repeated several times until the active catalyst is generated, enabling water oxidation to
molecular dioxygen and release of protons. These protons then diffuse through a proton exchange
membrane to reach the photocathode (usually NiO) where they are converted into molecular
dihydrogen.>® Water oxidation with molecular catalysts is most rapid under alkaline conditions in
the presence of a buffer base. Unfortunately, these are also conditions that result in significant
sensitizer and catalyst desorption with the most common carboxylic acid and phosphonate surface
binding groups.”"' Thus binding motifs that are stable under alkaline conditions are critically
needed for practical application of DSPECs and the realization of solar fuels.

Pioneering work since the 80’s has placed ruthenium chromophores at the forefront of
MOx sensitizers to visible light. Early reports used mostly ruthenium sensitizers in solution or
immobilized in membranes, but the anchoring of said sensitizers to the MOx surface rapidly
developed, leading to greater stability and increased charge injection.'>"” Classical anchoring
groups were carboxylic acids and cyanoacrylic derivatives.” Several other anchoring groups,
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including phosphonic acid,” " silatrane,”” hydroxamate,”*’ acetyl acetonate,””' boronic acid,’
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“~*> and pyridine derivatives™"" have been developed since to remediate stability issues or

silane,
desorption in selected conditions. For instance, carboxylic acids, for which a pKa of around 4.7 is
usually accepted, are only stable at pH values smaller than their pKa.’ This becomes limiting when
developing DSPEC devices in aqueous solution for water oxidation. Phosphonic acid derivatives
were later introduced to improve aqueous stability and extend the range of pH in which a DSPEC
or DSSC can be operated. Indeed, with their higher pKa, sensitizers containing phosphonic acid

are more stable in neutral water. Nonetheless, the sensitizers containing phosphonic acid are not



stable at pH greater than 7, a clear mismatch to the alkaline conditions ideal for implementation of
water oxidation catalysts.’

In this study, we have examined the grafting of diazonium-based ruthenium sensitizers to
MOx surfaces (Scheme 1) in order to investigate their stability at alkaline pHs. Surface
functionalization through diazonium grafting is a widely-used technique for covalent grafting of
organic compounds on all forms of carbon, metallic surfaces, and polymers.” > A few recent
studies have also shown diazonium grafting to be possible on MOx nanoparticles, but to our
knowledge neither the stability nor the functionality of these surfaces have been established.”’”®
* Here, the electrochemical grafting of a ruthenium terpyridine sensitizer was achieved on
mesoporous MOx (TiOz, SnO,, ZrO,, ZnO, indium-doped tin oxide (In,Os3:Sn)) thin films
deposited on fluorine-doped tin oxide (FTO) glass. Structurally analogous ruthenium
chromophores bearing carboxylic acid or phosphonic acid groups were used to assess the
comparative stability and surface coverage as well as the excited state injection properties. Despite
lower injection yields, the diazonium grafted compounds displayed photostability under 100
mW/cm™ illumination in pH 12 aqueous solutions for as long as 24 hours, which greatly
outperformed the carboxylic and phosphonate analogues. Furthermore, the pH 12 stability under
ambient light was observed for several months. The alkaline stability of diazonium-grafted
sensitizers on oxide surfaces presents an opportunity to advance DSPEC applications, while the
generality of the process described allows for potential applications to a wide range of technologies

that utilize MOx surfaces with molecular components.
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Scheme 1: The general strategy developed for electrografting diazonium-substituted sensitizer

molecules on metal oxide (MOx) surfaces. The metal oxides studied here were mesoporous thin



films of metal oxide nanocrystals. The reactive diazonium substituent was generated in sifu from

the reaction between the amine precursor and fert-butylnitrite (BuONO).

Experimental

Materials. The following reagents and substrates were used as received: acetonitrile
(CH;CN, Burdick & Jackson, spectrophotometric grade, 99.9%); deionized water; lithium
perchlorate (LiClOy4, Aldrich, 99.99%), sodium perchlorate (NaClO4, Aldrich, >98.0%); tetra-n-
butylammonium perchlorate (TBACIO4, Alfa Aesar, electrochemical grade); titanium(IV)
chloride (TiClys, Aldrich, 99.9%) ; sodium acetate (CH;COONa, Aldrich, >99%)); tert-butyl nitrite
((CH3)3CNO;,, Alfa Aesar, 90%); sodium nitrite (NaNO,, Aldrich, >97%); sodium hydroxide
(NaOH, Fisher, NF/FCC pellets); perchloric acid (HClO4, Alfa Aesar, 70%); hydrochloric acid
(HCI, Fisher, certified ACS Plus); glacial acetic acid (CH3;COOH, Fisher, certified ACS); nitric
acid (HNOs, Fisher, 70%); argon gas (Airgas, >99.998%); poly(ethylene oxide) (Aldrich);
poly(ethylene glycol) (Aldrich); terpineol (Aldrich); hydroxypropyl cellulose (HPC, Aldrich);
polyethylene glycol copolymer (carbowax, Aldrich); titanium(IV) isopropoxide (Aldrich, 97%);
zirconium(IV) isopropoxide (99.9%, Aldrich); zinc oxide nanoparticles (40 wt% in ethanol, <130
nm diameter, Aldrich); tin(IV) dioxide nanoparticles (15 wt% in H,O, 15 nm diameter, Alfa
Aesar); InyO;3 :Sn nanoparticles (TC8 DE, 20 wt% in ethanol, Evonik Industries) ; fluorine-doped
tin oxide-coated glass (FTO, Hartford Glass Co., Inc., 2.3 mm thick, 15Q/o). Ruthenium
trichloride hydrate (Oakwood Chemicals, 97%) and 4,4’ ,4°’-tri-tert-butyl-2,2°:6’,2’-terpyridine
“ttt” (Sigma-Aldrich) were used as received. NMR solvents were purchased from Cambridge
Isotope Laboratories, Inc. Ruthenium 4,44 -tri-tert-butyl-2,2°:6°,2”’-terpyridine trichloride,
[Ru(ttt)Cls], tpy-CcHa-COOH, tpy-CcHa-POsEt, and tpy-CsH4-NH, were synthesized according to
literature procedures.*'**

Synthesis.

[Ru(ttt)(tpy-CsHs-COOH)|** 2PF, (Ru-COOH). [Ru(ttt)Cls] (52 mg, 0.085 mmol) and
tpy-CcHs-COOH (31 mg, 0.088 mmol) were place in a microwave tube. Ethanol (10 mL) and N-
ethylmorpholine (0.5 mL) were added. The microwave tube was then sealed and heated under
microwave irradiation at 120°C for 2 hours. After reaction, 10 mL of water and 2 mL of a saturated
NH4PF¢ aqueous solution were added. The ethanol was removed under reduced pressure and the

resulting solid was recovered by filtration and washed with water, small amounts of ethanol, and



diethylether. The product was obtained as a red powder (73 mg, 75%). This compound has been
previously reported using a different procedure.*
'H NMR (400 MHz, 8-CD;CN) & 9.02 (s, 2H), 8.78 (s, 2H), 8.64 (d, J = 8.1 Hz, 2H), 8.51 (d, J =
2.1 Hz, 2H), 8.36 (d, J = 8.4 Hz, 2H), 8.30 (d, J = 8.4 Hz, 2H), 8.04 — 7.86 (m, 2H), 7.36 (d, J =
5.5Hz,2H), 7.29 -7.17 (m, 4H), 7.12 (dd, J= 6.0, 2.1 Hz, 2H), 1.75 (s, 9H), 1.31 (s, 18H). HRMS
(ESI-MS) m/z: [M-(PFs)]" Calcd for C49HsoFsNsO,PRu 1001.2680; Found 1001.2609.
[Ru(ttt)(tpy-CsHy-PO3EL) | . 2PFs. (Ru-POsEt,). [Ru(ttt)Cls] (156 mg, 0.256 mmol)
and tpy-C¢Hs-POsEt; (114 mg, 0.256 mmol) were place in a microwave tube. Ethanol (18 mL)
and N-ethylmorpholine (1.5 mL) were added. The microwave tube was then sealed and heated
under microwave irradiation at 120°C for 2 hours. After reaction, 10 mL of water and 2 mL of a
saturated NH4PF; aqueous solution were added. The ethanol was removed under reduced pressure
and the resulting solid was recovered by filtration and washed with water, small amounts of
ethanol, and diethylether. The product was obtained as a red powder (280 mg, 88%).
'H NMR (400 MHz, 8-CD;CN) & 9.00 (s, 2H), 8.78 (s, 2H), 8.64 (d, J = 8.1 Hz, 2H), 8.51 (d, J =
2.0 Hz, 2H), 8.36 — 8.27 (m, 2H), 8.12 (dd, J = 12.8, 8.3 Hz, 2H), 7.95 (td, J = 7.8, 1.5 Hz, 2H),
7.36 (d, J=5.0 Hz, 2H), 7.28 — 7.17 (m, 4H), 7.12 (dd, J = 6.0, 2.1 Hz, 2H), 4.19 (ddd, J = 8.2,
7.1,2.8 Hz, 4H), 1.75 (s, 9H), 1.38 (d, /= 7.0 Hz, 6H), 1.31 (s, 18H). HRMS (ESI-MS) m/z: : [M-
PFs]" Calcd for Cs;HsoFNsO3P,Ru 1093.3071; Found 1093.3017.
[Ru(ttt)(tpy-C6H4-PO3H2)]2+.2PF6' (Ru-PO;sH;). Ru-PO;Et; (330 mg, 0.266 mmol) was
dissolved in 25 mL of CH3;CN. Trimethylsilyl bromide TMSBr (180 pL, 1.34 mmol) was added
and the mixture was stirred at 70°C under an argon atmosphere for 24 hours. After reaction, the
mixture was brought to room temperature and 5 mL of methanol was added. The resulting solution
was stirred for 30 minutes and evaporated to dryness under reduced pressure. The residue was
washed with small amounts of cold CH3CN and diethylether to obtain the title compound as a red
powder (297 mg, 94 %).
'H NMR (400 MHz, 6-CD;0D) & 9.31 (s, 2H), 9.08 (s, 2H), 8.90 (d, J = 8.1 Hz, 2H), 8.79 (d, J =
2.0 Hz, 2H), 8.42 (dd, J = 8.0, 3.1 Hz, 2H), 8.16 (dd, /= 13.1, 8.0 Hz, 2H), 8.01 (td, /=79, 1.5
Hz, 2H), 7.50 — 7.42 (m, 2H), 7.37 (d, /= 6.0 Hz, 2H), 7.32 — 7.22 (m, 4H), 1.81 (s, 9H), 1.35 (s,
18H). HRMS (ESI-MS) m/z: : [M-(PF¢),]*" Caled for CasHsNgOsP;Ru 446.1402; Found
446.1389.



[Ru(ttt)(tpy-CsHy-NH,)]**.2PF¢ (Ru-NH,). [Ru(ttt)Cls] (156 mg, 0.256 mmol) and tpy-
CeHs-NH; (87 mg, 0.268 mmol) were placed in a microwave tube. Ethanol (18 mL) and N-
ethylmorpholine (1.5 mL) were added. The microwave tube was then sealed and heated under
microwave irradiation at 120°C for 2 hours. If the chloride salt was desired, the solution was
evaporated to dryness and the residue was washed with cold ethanol and diethyl ether. If the PF¢
compound was desired, after reaction, 10 mL of water and 2 mL of a saturated NH4PF¢ aqueous
solution were added. The ethanol was removed under reduced pressure and the resulting solid was
recovered by filtration and washed with water, small amounts of ethanol, and diethylether. The
product was obtained as a red powder (225 mg, 78%). This compound has been previously reported
using a different procedure.*®
'H NMR (400 MHz, 8-CD;CN) & 8.89 (s, 2H), 8.77 (s, 2H), 8.60 (d, J = 8.2 Hz, 2H), 8.50 (d, J =
2.1 Hz, 2H), 8.00 (d, J = 8.5 Hz, 2H), 7.91 (td, /=7.9, 1.6 Hz, 2H), 7.31 (d, /= 5.4 Hz, 2H), 7.27
(d, J=5.9 Hz, 2H), 7.20 — 7.15 (m, 2H), 7.13 (dt, J = 6.0, 3.3 Hz, 2H), 6.95 (d, J = 8.5 Hz, 2H),
4.77 (s, 2H), 1.74 (s, 9H), 1.31 (s, 18H). [M-PF¢]" Calcd for C4sHs;FsN7;PRu 972.2891; Found
972.2800.

[Ru(ttt)(tpy-CsHy-N,)**.3PFs (Ru-N;"). This procedure was inspired by a report in
literature.”” Ru-NH; (75 mg, 0.084 mmol) was dissolved in 12 mL of 0.5 M HCI and brought to
0°C using an ice bath. NaNO, (15 mg, 0.217 mmol), dissolved in 1 mL of 0.5 M HCI was then
added in one portion. The mixture was stirred at 0°C for 3 hours. After reaction, 2 mL of a saturated
KPF¢ aqueous solution was added to precipitate the complex. The title compound was isolated as
a dark-red powder by filtration and was washed with water, cold ethanol, and diethylether and
used without further purification. IR (neat) vmax (cm™): 3320, 3105, 2960, 2910, 2870, 2266, 1610,
1585, 1475, and 1425.

Nuclear Magnetic Resonance. Characteristic NMR spectra were obtained at room
temperature on a Bruker Avance III 400 MHz spectrometer. Solvent residual peaks were used as
internal standards for 'H (8 =1.95 ppm for CD;CN, 3.31 ppm for CD;0D) and "°C (8 = 77.16 ppm
for CDCl3, 39.52 ppm for DMSO) chemical shift referencing. NMR spectra were processed using
MNOVA.

Mass Spectrometry. Samples were analyzed with a hybrid LTQ FT (ICR 7T)
(ThermoFisher, Bremen, Germany) mass spectrometer. Samples were introduced via a micro-

electrospray source at a flow rate of 3 uL/min. Xcalibur (ThermoFisher, Breman, Germany) was



used to analyze the data. Each mass spectrum was averaged over 200 time domains. Electrospray
source conditions were set as: spray voltage 4.7 kV, sheath gas (nitrogen) 3 arb, auxiliary gas
(nitrogen) 0 arb, sweep gas (nitrogen) 0 arb, capillary temperature 275°C, capillary voltage 35 V
and tube lens voltage 110 V. The mass range was set to 150-2000 m/z. All measurements were
recorded at a resolution setting of 100,000. Solutions were analyzed at 0.1 mg/mL or less based
on responsiveness to the ESI mechanism. Low-resolution mass spectrometry (linear ion trap)
provided independent verification of molecular weight distributions.

UV—Vis Absorption. UV—vis absorption spectra were recorded on a Varian Cary 60 or
Cary 50 UV—vis spectrophotometer with a resolution of 1 nm. The molar absorption coefficients
were determined by diluting a stock solution of the desired complex and represent averages of at
least three independent measurements.

Electrochemistry. Square wave and cyclic voltammetry were performed with a BASi
Epsilon potentiostat in a standard three electrode cell in CH3CN or aqueous electrolytes. The cells
consisted of a FTO/MOx electrode and platinum gauze as counter-electrode. A non-aqueous
silver/silver chloride electrode (Pine) was used as a reference electrode that was referenced to an
internal ferrocene (Fc) standard (630 mV vs. NHE).

Metal Oxide Films. Nanocrystalline anatase TiO, (~15 nm diameter) and ZrO, (~10 nm
diameter) nanoparticles were prepared by acid hydrolysis of Ti(i-OPr)4 or Zr(i-OPr)4 as described
previously.*® SnO; (15 nm diameter) and In,O; :Sn (~15 nm diameter) nanoparticles were prepared

from a colloidal SnO, suspension, as described previously.*~°

ZnO nanoparticles (<130 nm
diameter) were prepared from a ZnO colloidal suspension by an adjusted previously described
procedure.”’ Briefly, 15 g ZnO nanoparticle suspension was stirred and heated to 40°C while 5%
by mass hydroxypropyl cellulose was added. Following overnight stirring, 10 wt% terpineol was
added followed by 5 min pulsed horn sonication.

Thin MOx (TiO,, SnO,, ZrO,, ZnO, In,03:Sn) nanoparticle films of approximately 4 pm
were prepared by doctor blading onto transparent FTO using ~3.5 pm cellophane tape (3M) as a
spacer, followed by sintering for 30 min at 450°C under oxygen flow and storage at 80°C. Film
thickness and area were determined using a profilometer (Bruker DektatXT Profilometer).

Tunneling Electron Microscopy (TEM) was used to capture images of the nanoparticles scraped

from the films to measure particle size and gauge film density (See Figure S1).



Film Dye Loading. MOx films were dye-loaded with Ru-PO3;H; and Ru-COOH by
immersion for at least 24 hours in a concentrated solution of Ru-POs;H,; and Ru-COOH in CH;CN.
Films were dye-loaded with Ru-N," by electrografting with in situ generation of Ru-N," from Ru-
NH,.2PF¢ by reaction with tert-butyl nitrite. To do so, a 2 mM solution of Ru-NH; in 100 mM
TBACIO; CH3CN electrolyte in a 3 mL cuvette was cooled to 0°C using an ice bath and was
sparged with argon for 30 min. After this, fert-butyl nitrite (20 pL, 0.15 mmol) was added and the
mixture was allowed to react for 10 minutes. An immediate color change from red to purple was
noticed. After reaction, a standard three electrode electrochemical setup was introduced, in which
the MOx film served as working electrode and a platinum gauze served as counter electrode.
Remaining under an argon atmosphere and in an ice bath, TiO, films were held at a potential
ranging from +100 mV to -100 mV vs. NHE for 30 min. Other metal oxides reached maximal
grafting at different applied potentials, as will be discussed (vide infra). Dye-loaded slides were
then removed, rinsed with CH3CN to remove unreacted material and immersed in CH3CN for at
least 30 minutes prior to being used.

Alternatively, an aqueous electrografting method was also developed. A similar procedure
was used using Ru-NH;.2CI". The complex was dissolved in 3mL of 0.5 M HCI (agq) kept at 0°C
and sparged with argon for 30 minutes before reaction with NaNO, (20 pL 1 M solution, 0.02
mmol). A ~50 mV vs. NHE potential was applied for 30 min. The grafted surface was then washed
with water and CH3;CN and soaked in CH3;CN. The aqueous electrografting gave similar
absorbance results as the CH3CN electrografting.

Surface Characterization and Stability. Fourier transform infrared spectroscopy (FTIR)
measurements were acquired on both powder and thin film samples using a Bruker model Alpha
FTIR spectrophotometer equipped with an Alpha-P attenuated total reflectance (ATR) attachment.
36 spectra with a 2 cm™' resolution were averaged to create the spectra with FTO subtracted as a
baseline. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra-DLD
spectrometer (Kratos Analytical Ltd., Manchester, UK) with a base pressure of 5 x 10” Torr
equipped with a monochromatic Al K alpha source and a charge neutralizer. Survey and high-
resolution spectra were taken with pass energies of 80 eV and 20 eV, respectively. Binding
energies (BE) were found using BE=284.6 eV for Cls as a reference.

Dye-loaded film stability was determined at various pHs in the dark and under illumination.

Non-illuminated film stability was determined by soaking the dye-loaded films in water adjusted



at the desired pH. The films were immersed for a specified amount of time and were then rinsed
with water adjusted to the same pH prior to UV-vis measurement at the MLCT. Fresh soaking
solutions were used for each time point at which significant desorption occurred. When little
desorption occurred, slides were analyzed in a single solution. Alternatively, films were placed in
water adjusted to the desired pH and constantly illuminated with a 455 nm LED (Thor labs, 100
mW cm?) while periodic UV-vis measurements at the MLCT were made to determine
photostability.

Sensitizer Characterization. Ru(III/II) reduction potentials of the sensitizers were
measured on In,O3:Sn thin films by spectroelectrochemistry. Spectra were monitored by an
Avantes AvalLight DHc light source and an Avantes StarLine AvaSpec-2048 UV/visible
spectrophotometer while potentials were applied by a Pine Research Instrumentation (PRI)
Wavenow potentiostat controlled by Aftermath software (PRI). In,O3:Sn on a FTO thin film served
as the working electrode with a platinum gauze counter electrode and Ag/AgCl saturated KCI
reference electrode. Dye-loaded thin films were submerged in argon-purged, pH-adjusted aqueous
solutions.

Photochemical Analysis. Photocurrents over extended time periods were examined with
a home-built H cell using TiO, and SnO, thin films as working electrodes and platinum gauze as
counter electrode. Electrodes were submerged in a nitrogen-saturated aqueous solution of 0.1 M
acetate buffer and 0.5 M NaClO, adjusted to pH 5 or 12. The working and counter electrodes were
separated by a Nafion proton-exchange membrane, with 50 mM sacrificial electron donor on the
working electrode side (hydroquinone for pH 5 solutions, triethanolamine for pH 12 solutions).
An overpotential of 400 mV vs NHE was applied and the cell was illuminated at 1 Sun using a
Cole-Parmer Illuminator (41720 series) equipped with a 400 nm filter (Thor labs).

Results

Three ruthenium sensitizers (Figure 1) were obtained by reaction of the precursor
ruthenium 4,4°,4”-tri-tert-butyl-2,2°:6°,2”’-terpyridine  trichloride, [Ru(ttt)Cl;] with the
corresponding terpyridine ligand in ethanol in the presence of N-ethyl-morpholine. With regard
to Ru-N; ", it was either isolated by reaction of the parent amino compound (Ru-NH,) with NaNO,,

or generated in situ with tert-butyl nitrite (‘(BuONO).



R = COOH (Ru-COOH)
R= P03H2 (RU-P03H2)
R = N,* (Ru-N,*)

Figure 1: Ruthenium sensitizers used in this study that differ only by their anchoring group (Ru-
COOH, Ru-PO;H; or Ru-N2+). In the case of Ru-COOH and Ru-PO3H,, the overall charge is 2+
whereas in the case of Ru-N;", the overall charge is 3+.

These ruthenium sensitizers differed only by their anchoring group, i.e. carboxylic acid
(Ru-COOH), phosphonic acid (Ru-PO3H3;) or diazonium (Ru-N,"). The electron donating tri-tert-
butyl moieties were introduced to the uppermost terpyridine to increase excited state localization
on the ligand nearest the surface in order to favor charge injection. The bulkiness of these groups
might also prevent polymerization side-reactions that have been previously reported for grafting

of diazonium salts %83

Meosporous oxide thin films were surface functionalized with Ru-COOH
or Ru-POs;H, by overnight reactions in concentrated CH3;CN solutions (dyeing solutions).
Functionalization by Ru-N," was achieved by an electrografting procedure developed herein and
described below.
Electrografting Procedure

The electrografting of Ru-N," was first optimized for TiO, and was then adjusted for SnO,,
Zn0, ZrO,, and In,03:Sn. A 2 mM solution of Ru-NH, was reacted with an excess of fert-butyl-
nitrite in 100 mM TBACIO4 CH3CN for 10 minutes at 0°C under argon to yield the desired Ru-
N,'. A constant potential ranging from +100 mV to -100 mV vs. NHE was applied for 30 min to
the mesoporous nanocrystalline (anatase)TiO; thin film. The same procedure achieved grafting
on the other MOx slides, but the applied potential that gave the highest surface coverage (termed
here “optimal potential”) was dependent on the identity of the MOx. Optimal potentials are
presented over a 200 mV range for each MOx to account for small variations observed between
samples (Table 1). The electrografting was nearly insensitive to whether TBACIO,4 or LiClO4
electrolyte solutions were used. Both the period of time for which that potential was applied (from
5 to 60 minutes) and the sensitizer concentration (from 0.5 mM to 4 mM) were found to affect the
sensitizer surface coverage, but increases in surface coverage were limited beyond the time and

sensitizer concentration used herein, i.e. 30 minutes and 2 mM.
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The sensitizer surface coverage, I', was calculated with Equation 1, where ¢ is the

Amax
r= £ %1000 (1)

sensitizer extinction coefficient (given in Supplementary Information, Figure S2), Amax is the
maximum absorbance value attained on each MOX thin film, and 1000 is a factor to convert from
L to cm’.>* The Ru-N," data corresponds to grafting for 30 min from a 2 mM Ru-N," solution.
Surface coverage calculations were complicated by the large spectral shift observed between Ru-
N," in solution and the dyes grafted on the surface (Figure S2). This means that the extinction
coefficient measured for Ru-N," gave no information about the surface coverage. To approximate
surface coverage in this case, the value 17000 M™' cm™ was used, assuming Ru-N," on the surface
to have a similar extinction coefficient as Ru-PO3;H, and Ru-COOH, 17500 M ¢cm™ and 20900
M™ em™ respectively. Functionalization with Ru-POsH, resulted in surface coverages very similar
to those measured for Ru-N," grafting, and functionalization with Ru-COOH consistently resulted

in lower surface coverages.

Table 1: Surface Coverage and Absorption Maxima of the Dye-Loaded MOx Surfaces

Ru-N," Ru-PO;H, Ru-COOH
Surface MLCT App. Potential® Surface MLCT Surface MLCT
Coverage | Absorption | (mV vs NHE) Coverage | Absorption | Coverage | Absorption
(mol cm® | Max (nm) (mol cm™ | Max (nm) | (molcm™x | Max (nm)
x 10 x 10 10®)
TiO, 8.8 492 100 —-100 10.5 486 2.9 486
SnO, 5.3 492 225-25 3.8 486 1.7 488
ZnO 10.6 491 300 - 100 3.8 485 2.3 486
Zr0O, 4.7 490 -1100 —-1300 4.3 486 2.3 487
In,03:Sn__| 10.0 491 100 —-100 7.2 485 > >

* The ‘optimal’ range of applied potentials found to induce maximum surface coverage. Surface
functionalization did not occur to an appreciable degree on In,Os:Sn.

The amount of grafted sensitizer was found to increase rapidly as more reducing potentials
were applied, as seen in Figure 2. The “turn on” potential for grafting on TiO,, SnO,, and ZnO
was significantly more positive than the potential at which reduction of the oxide thin films could
be spectroscopically or electrochemically detected (Figure 2). This behavior, however, differed
for ZrO, and In;O3:Sn, for which the grafting was concurrent with current onset. At applied
potentials more negative than the “turn on” potential, the surface coverages decreased in what is
termed a “turn off.” It should be noted that the ZrO, grafting did not occur until a potential more

negative than the potential “turn off” for the other MOx. Interestingly, no grafting was observed
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when TiO; films were first reduced electrochemically at -1.0 V (as indicated by color change in
the film) and then exposed to Ru-N,"; the dark coloration associated with TiO, reduction was
unchanged with no evidence for surface functionalization. Additionally, when the FTO generally
exposed in mesopores was coated and blocked with TiCly (described previously) prior to doctor-
blading TiO,, the TiO, films grafted Ru-N," in the same way as films on untreated FTO.> Despite
these curious phenomena, electrochemical grafting was successfully optimized for TiO,, SnO,,

Zn0, ZrO;, and In,03:Sn, Table 1.
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Figure 2: The left hand side shows the surface coverage (solid) as a function of applied potential
for TiO; (black), SnO; (red), ZnO (blue), ZrO, (green), and In,Os3:Sn (orange). Each data point
represents a new MOX thin film and the solid lines are present to guide the eye. The surface grafting
was performed in 2 mM Ru-N," in 100 mM TBACIO; CH;CN for 30 min. The right-hand side
shows linear voltammetry data (dashed) for each undyed MOx film. The voltammetry experiments
were performed on undyed films in 100 mM TBACIO4 CH3;CN.

Solution studies were performed to gain insight into chemistry occurring in the dyeing
solutions that might account for the inability to graft at more negative applied potentials. In a
typical experiment, TiO, thin films were submerged in relatively dilute (~0.9 mM) Ar purged, 0°C

Ru-N," dyeing solutions and held at potentials either more or less reducing than the ideal
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electrografting potential for TiO, (70 mV and -530 mV vs NHE) for 30 minutes. The electrodes
were then removed and the UV-vis spectrum of the remaining Ru-N," dyeing solution was
measured and compared to that of a fresh Ru-N," solution. The results in Figure 3 show a
significant absorption change after the more negative potential was applied. Similar changes
occurred, albeit to a much smaller extent, at open circuit or when a less negative potential was
applied. The spectrum measured after reduction bared a marked resemblance to Ru-NH; or other

ruthenium-bisterpyridine dyes (Figure 3).

1.54 .

Initial Ru-N,*
No App. Pot.
1.2 1 —— 70 mV Applied 7
—-530 mV Applied
Ru-NH,
0.9 4 E

Absorbance

0.6 -

0.3 1

0.04

500 600 700 800
Wavelength (nm)

Figure 3: The visible absorption spectra of Ru-N," dyeing solutions before (black) and after 30
min of standing in solution at 0°C (orange) or applying 70 mV vs NHE (green) or -530 mV vs

NHE (red) in comparison to an equal-concentration solution of Ru-NH; (blue).

Figure 4 shows the absorbance spectra of the sensitizers in solution and on a representative
MOx surface (TiO;). The absorption was characteristic of metal-to-ligand charge-transfer (MLCT)
transitions. The MLCT maximum shifted with the nature of the binding group and was independent
of MOx surface, as can be seen in Table 1 and Figure S3. The Ru-N," grafted thin films had a
strongly red-shifted (15 nm) absorbance in CH3CN solution which was broader and slightly red-
shifted (~5 nm) when anchored to the oxide surface as compared to Ru-PO3;H; and Ru-COOH. It
should be noted that though these absorbance values are normalized, maximum attainable surface
coverages depended on the nature of the MOx and the binding group. Representative spectra of

each sensitizer on each surface are shown in the Supporting Information (Figure S3).
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Figure 4: Normalized UV-vis absorbance spectra of Ru-N," (black), Ru-PO;Hj; (red), and Ru-

COOH (blue) in CH3CN solution (solid) and anchored to TiO, (dashed).
Surface Characterization

The nature of the bonds between Ru-N; ", Ru-POsH,, and Ru-COOH and the surfaces were
analyzed by FTIR spectroscopy as solid samples and on all the MOx except In,O3:Sn due to its
lack of transmittance between 1500 and 4000 cm™.>*”° Solid samples of the sensitizers exhibited
three characteristic peaks between 2850 and 2970 cm™ corresponding to stretches of the three
sensitizer tert-butyl groups, a C=C stretching peak at 1610 cm™', and many shared peaks in the
fingerprint region that were independent of the binding group, as indicated in Figure 5. Several of
these peaks were also present on the dye-loaded MOx surfaces, but were not present in spectra of
undyed MOx films, i.e. vibrations at 2960, 2910, 2870, 1610, and 1400 cm™'. These peaks were
common to all grafted MOx surfaces. The majority of the peaks are sharp and clear in the solid
ruthenium dyes, however, they are significantly broadened and decreased in intensity on the MOx
surfaces. Individual peaks are difficult to assign in the 1750-1500 cm™ region for the different
metal oxides. However, the broad and sharp absorbance peaks in this region that are metal oxide
independent likely correspond to dye absorption. In addition to peaks shared between ruthenium
dyes regardless of binding group, sharp peaks were observed in solid Ru-N," at 2266 and 3320
cm’' that were not present when Ru-N," was grafted to any MOx surface. Ru-COOH dyed MOx
films displayed usually sharp C=0 stretching peaks at 1730 cm™', but this peak was notably broader
on TiO,. Additionally, a peak at 1544 cm™ was present on all MOx surfaces grafted with Ru-N,"
that did not appear in the solid sample or on surfaces functionalized with Ru-PO3;H; or Ru-COOH.

14



3500 3000 2500 2000 1500 1000
3320 cm? E 4
Sensitizers i i1 2266 cm b
1 | ' 1 1 1 :
5 bF—t——
(0] w
5 R N T
o) . Hn \‘N—\
& |TO; ' :
_— 1 | 1 1 1 4
n n—_-——r —
S — ey S ]
8 s RS d
WW- 1 '
S I Vi m
§ SnO, i . . .
It t— el ee———————— e patngparmmtnr ] ] e
S N e
l_ U I} A—-—-VI\'T-'—-\—
< |Zn0  in o
1 2 | ' 2 1 ™ 1 o o ™
——
v"?{r W
20, it Lty

3500 3000 2500 2000 1500
Wavenumber (cm™)

1000

Figure 5: FTIR spectra of the ruthenium sensitizers before (top) and after functionalization on a
metal oxide surface. Undyed films (green) are compared to Ru-N," (black), Ru-PO;Hj (red), and
Ru-COOH (blue) on each examined MOx. Common peaks between the surfaces are marked by
dashed lines (2960, 2910, 2870, 1610, and 1400 cm'l).

The XPS spectra of Ru-N," grafted to TiO, (Figure 6) showed the presence of a peak at

285.0 eV that has been attributed to Ru 3d as well as the absence of a diazonium peak at 403.8

eV.***° Titanium peaks in the XPS spectra were standard for TiO,, with no peak present that would

be indicative of Ti(IIl) or a Ti-C bond (455 eV).*****" A peak at 531.6 eV representing a Ti-O-C

bond was present on TiO, films dye-loaded with Ru-N," that was absent on undyed TiO, films
and TiO, films dye-loaded with Ru-PO3;H, and Ru-COOH.>**! XPS spectra of SnO,, ZnO, and

ZrO; (Supplementary Information, Figure S4) also show no detectable change in oxidation state

of the metal in the film, the presence of a Ru3d peak, and the absence of diazonium peak, indicating

similar binding on all MOx.%
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Figure 6: The XPS spectra of Ru-N," on TiO,. a) Spectra from 0 to 1200 eV. b) High resolution
Ti 2p region with characteristic TiO, peaks marked in blue and absent Ti-C peak marked in green.
c) High resolution C 1s region of the spectra with characteristic Ru 3d peak marked in red. d) High
resolution O 1s region with overlaid spectra (intensity normalized) for Ru-N," (black), Ru-PO3H,
(red), Ru-COOH (blue) and blank TiO; (green) with characteristic peak for Ti-O-C marked in
black.

The Ru(ITI/IT) reduction potentials of both Ru-POsH, and the electrografted Ru-N," on
MOx surfaces were measured by spectroelectrochemistry on InyOs:Sn at pH 1, 5, and 10 in
aqueous solution and found to be E;» = 1.07 £ 0.02 mV vs. NHE. Note that desorption of Ru-

PO;zH; was observed while performing measurements at alkaline pHs.

Surface Stability
Figure 7 shows the relative stability of Ru-N," and Ru-PO;H, grafted on TiO, in aqueous
solutions of pH= 7, 10, and 12. Once bound to the surface, the diazonium sensitizers were

remarkably stable. Even when immersed in saturated NaOH solution for several days, diazonium-
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grafted sensitizers were observed to be stable, though no formal absorption measurements were
taken. In short-time-scale experiments (up to 6 hours) in the dark, Ru-N," stability on TiO, was
monitored up to pH 12. Ru-N," remained stable on the surface under all examined conditions,
while Ru-PO3;H; at pH 7 desorbed by more than 50% in less than one minute as measured at the
MLCT (Figure 7a). In an analogous fashion, Ru-COOH desorbed immediately at pHs greater
than 5 (not shown). Under constant illumination (455 nm light, 100 mW/cm?) for 24 hours at pH
12, Ru-N," maintained >97% surface coverage as measured at the MLCT and displayed no spectral
shifts (Figure 7b). Full spectra over 24 hours under illumination are shown in Supporting

Information (Figure S5).
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Figure 7: Surface coverage as monitored at the respective MLCTs versus time data for a) non-
illuminated and b) illuminated dye-loaded TiO,. In a) Ru-N," (solid) was compared to Ru-PO3H,
(dashed) while immersed at pH 7 (black), pH 10 (red), and pH 12 (blue) aqueous solutions over 6
hours. In b) Ru-N," was illuminated with 455 nm, 100 mW/cm® light over 24 hours while
immersed in pH 12 solution.
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Photocurrent Measurements

Photocurrents produced by the dye-loaded MOx were measured under 1 Sun illumination
with 200 mV applied potential in the presence of 50 mM electron donor (hydroquinone at pH 5
and triethanolamine at pH 12). Small photocurrents were measured on TiO, with either Ru-N," or
Ru-PO;H;. To enhance the photocurrent amplitude, SnO,, with a conduction band ~300 mV more
positive than TiO,, was used, and significantly larger photocurrents were attained despite lower
surface coverage than on TiO,. The dye-loaded SnO, photocurrents were thus considered further.
Though photocurrents measured in alkaline conditions were small, at pH 12 the Ru-N," grafted
SnO; films produced and maintained photocurrents for >4 hours with little loss (<25%) (Figure
8). It should be noted that in Figure 8, the initial peak as the light was turned on was reproducible.
It is a commonly-seen feature in dye-loaded interfaces in aqueous solution and has been attributed

to electrode polarization.”>

UV-Visible absorption data clearly show that this initial
photocurrent signature does not result from sensitizer desorption. At pH 5, photocurrents were
measured for both TiO, and SnO, and both Ru-N," and Ru-POzH, were stable on the surface,
allowing for optimal comparisons. Because surface coverage differed between these two MOx and
the two sensitizers, photocurrent densities were normalized for the surface coverage. Surprisingly,
Ru-PO;H, produced 7x the current of Ru-N," on SnO, and almost 30x the current of Ru-N," on
TiO, (Figure 8). This stark dependence on binding group was replicable across all pH values at
which Ru-PO;H; was reasonably stable on the surface for the 30 minutes that the experiment was

performed (up to pH 8). Ru-COOH was not included for comparison because significant

desorption occurred above pH 5.
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Figure 8: a) Sustained photocurrent density normalized for surface coverage measured at pH 12
for SnO, grafted with Ru-N,". b) Photocurrent densities normalized for surface coverage on TiO,
with Ru-N," (black), TiO, with Ru-PO3H; (red), SnO, with Ru-N;" (blue), and SnO, with Ru-
PO;sH; (green) were measured at pH 5. In both cases, photocurrent densities were measured under
1 Sun illumination in aqueous 0.1 M acetate buffer, 0.5 M NaClO4, 50 mM sacrificial electron

donor (hydroquinone at pH 5 and triethanolamine at pH 12).

Discussion
There are very few fundamental studies that report on the grafting of diazonium-based

compounds to MOx colloids or thin films.?”?**

For example, viologen phenyl diazonium salts
have recently been grafted on TiO, for the development of electrochromic materials.* These
studies have shown the grafting process to be possible, but their use in solar devices is limited. *°
The functionality and stability of these grafted MOx has not been, to our knowledge, previously
examined.”’*** Here, the synthesis of three structurally related ruthenium sensitizers are reported

that differ only by the anchoring group; Ru-N,', Ru-POsH,, and Ru-COOH. The electrochemical
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grafting procedure reported for Ru-N," enabled meaningful comparisons of all three sensitizers on
mesoporous MOXx thin films based on TiO,, SnO,, ZrO,, ZnO, and In,O3:Sn nanoparticles. Most
notably, the diazonium-loaded MOx films were stable in highly alkaline conditions, including
saturated NaOH solution. Below we describe a proposed mechanism for the surface
functionalization and the remarkable stability toward surface hydrolysis.

Attenuated total reflectance FTIR measurements showed that the electrografting created
thin films that were not highly sensitive to the identity of the MOx or binding group: some peak
shifts and differences in intensity and linewidth were observed, but most clear peaks could be
found in common between all MOx and binding group varieties. The low intensity absorption
bands measured on the MOx surface made further assignment ambiguous. Spectra of solid Ru-N,"
exhibited intense peaks at 2266 and 3320 cm’', regions in which diazonium stretches are known
to occur.””%” These peaks were absent when Ru-N," was grafted to a MOx surface, indicating that
the sensitizer grafted by removal of the -N," group, as seen previously in diazonium grafting of

. 26,27,36
organic compounds.

The XPS data confirmed that grafting successfully occurred through
the presence of a Ru 3d peak at 281 eV.>® The Ti 2p peaks were in good agreement with literature
values for TiO, (464 eV and 458 ¢V),”*®® with no evidence of Ti-C bond formation that is known
to give rise to a peak at 455 eV.>® A significant band ascribed to a Ti-O-C bond was observed at
531.6 eV on films grafted with Ru-N," that has been previously reported. ***°' This band was
absent in undyed TiO; thin films or those dye-loaded with Ru-POs;H; and Ru-COOH. Taken
together, this data indicates that Ru-N," formed a M-O-C bond with terminal oxygen in the lattice
of TiO, and other MOx, as has been reported previously.’® The covalency of this bond in
comparison to films dye-loaded with Ru-PO3;H; and Ru-COOH is likely responsible for the
greater stability of grafted Ru-N,".

Azo coupling leading to the formation of multilayers has been previously reported, but

evidence suggests that this did not occur here.”****°

Most directly, a maximum attainable surface
coverage for Ru-N;" grafted films was observed as electrografting was performed over longer
times that was close to the surface coverages measured for Ru-PO;H, dye-loaded films. However,
FTIR and XPS evidence was inconclusive with regard to the question of azo coupling. The FTIR
spectra of all MOx surfaces grafted with Ru-N," exhibited a peak at 1544 cm™ that is in the azo
(1490-1550 cm™) and C=C stretching regions.” In the N 1s region of XPS spectra of all Ru-N;'-

grafted MOx surfaces, a shoulder was present (~399 eV) that was not present for Ru-POz;H; dye-
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loaded films. This may correspond to terpyridine ligands that are not complexed to Ru on the

d.”>"° Taken together this evidence precludes a definitive claim of

surface, as previously reporte
no azo coupling in Ru-N," grafted sensitizer layers, but the observed maximum surface coverage
implies that it was limited if it occurred.

Scheme 2 displays the proposed reaction mechanism between Ru-N,  and the MOx
surface, which is supported by previous work.”® Electrochemical diazonium grafting occurred
when the -N," group was removed by one electron reduction (1) to generate an aryl radical that
subsequently abstracted a hydrogen atom from the MOx surface (2). The newly formed surface
oxygen radical is then proposed to react with a second aryl radical in solution to form a MOx-O-
aryl-Ru bond (3). Though we propose here that two diazonium sensitizers are involved in this
reaction, we cannot exclude the possibility that step 2 and 3 in Scheme 2 might occur in a single
concerted step involving a solvent molecule.

The observation of an MOx dependent “optimal potential” range for maximum surface
coverage provided additional insights into the grafting mechanism. For TiO,, SnO,, and ZnO, Ru-
N," grafting was initiated at potentials significantly more positive than the potential at which
reduction of the MOx thin films was observed by electrochemical or spectroscopic means and was
absent at more negative potentials. To rationalize this “turn on” potential, it is hypothesized that a
few electrons in deep trap states initiate the grafting reaction chemistry. This is consistent with
the grafting being dependent on the MOx identity, as the onset potentials were correlated with the
onset of MOx reduction as measured by linear voltammetry. Scheme 2 also shows that diazonium
reduction could occur at the FTO substrate, but radicals produced in this way are limited by the
small surface area of FTO that is exposed. It was shown that initiation did not solely occur at the

FTO, as FTO substrates that had been treated with TiCl, to block FTO exposure to the electrolyte

grafted Ru-N," equally as well as untreated slides.

21



Scheme 2: Proposed electrografting mechanism for Ru-N,' with a FTO-MOx surface. The
grafting occurs at the FTO (blue arrow) or by electrons in trap states (green arrow). Upon reduction
of Ru-N;" (step 1), N gas is released and an aryl radical is formed that abstracts a hydrogen atom
from a surface hydroxyl group yielding an unreactive ruthenium sensitizer and an M-O" (step 2).
The oxygen radical then reacts with another aryl radical (formed by step (1)) to form the covalent
M-O-C(aryl) bond (step 3). The possibility that steps 2 and 3 occur in one concerted step cannot
be ruled out nor can the possibility of CH;CN as a H atom source.

To better understand the “turn off” potential behavior where grafting was absent at more
negative potentials, undyed TiO, films were reduced at a potential of ~-1 V vs NHE. The black
coloration of the films was maintained as the applied potential was removed and an argon purged
Ru-N," solution was introduced. No evidence for sensitizers binding to the surface was observed,
indicating that electrons within the TiO, films did not initiate the grafting reaction chemistry and
may have inhibited the reaction observed when only a few electrons were present. While
speculative, it may be that the electrons present in the reduced MOx thin films rapidly react with
the surface radicals generated in steps (2) and/or (3) thereby inhibiting formation of the O-C bonds.
It is also possible that the increased numbers of electrons in the films at more reducing potentials
increase the Ru-N, " degradation reaction rates. This possibility is supported by the spectral change
in Ru-N;" solutions observed upon application of a potential more negative than the “turn off”
potential. This is also consistent with the “turn off” dependence on the MOx identity, especially
the much more reducing potential required to both “turn on” and “turn off” grafting in the

insulating ZrO,, as the number of electrons available for reaction with Ru-N," should depend on
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the density of states of the MOx in use. While this explanation is supported by current data, further
study is underway to better understand the mechanism of grafting observed here.

The Ru-N," grafted metal oxide thin films were remarkably stable in alkaline solution.
These grafted films were observed to be stable at pH 12 for months. Films left for several days in
saturated NaOH were still highly colored, yet complete desorption of Ru-PO3H; and Ru-CO,H
was apparent. Under 100 mW/cm? irradiation for 24 hours at pH 12, >97% of the initial Ru-N,"
grafted TiO, surface coverage was maintained. Photocurrents also displayed high stability: after
an initial photocurrent discharge when the light was first turned on, sustained photocurrents were
measured for Ru-N," on SnO, without significant change in magnitude for >4 hours at pH 12.
With more acidic conditions, comparative studies with Ru-PO3;H, were possible, and the
photocurrent were found to be significantly larger for Ru-PO3H, than those for Ru-N,". This may
arise from weaker electronic coupling to the Ti sites resulting in fewer injected electrons or from
stronger electronic coupling resulting in fast back electron transfer and a net decrease in
photocurrent. While such behavior is outside the scope of this study, work is underway to
understand how electron injection into and back electron transfer from the MOx surface are

influenced by ligand design to optimize excited state injection through this molecular linkage.

Conclusion

In conclusion, electrografting of a diazonium-substituted dye was successfully performed
on a range of MOx surfaces (TiO,, SnO,, ZnO, ZrO,, and InyO3:Sn). The observed stability in
alkaline conditions represents a substantial advance from the state-of-the-art. Indeed, comparative
studies with the same dye that contained -COOH and -PO3;H; binding groups were found to be
only stable up to pH 4 and pH 7, respectively. Though recent explorations have utilized
hydroxamic acid and silatrane groups with some success as binding groups in alkaline conditions,
these groups are only stable to pH 11.” Films dye-loaded with Ru-N," used here show remarkable
stability at pH 12 and beyond. This offers immediate applications for water splitting where water
oxidation catalysis is found to be most rapid in alkaline conditions. The stability that diazonium-
grafted Ru-based sensitizers offer in alkali conditions allows for the pairing of sensitizers and
water oxidation catalysts in conditions optimal for catalyst function. Through development of
sensitizers that can be co-adsorbed or assembled with a water oxidation catalyst, this technique

could be vital. In addition, the versatility of this electrografting technique to many oxide interfaces
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presents an opportunity for applications to many surfaces where molecular functionality can

enhance performance.

Associated Content

Supporting Information: TEM images of MOx nanoparticles, extinction coefficient of the
ruthenium sensitizers, non-normalized UV-vis spectra of MOx-bound sensitizers, XPS spectra of
Ru-N," grafted on SnO,, ZnO and ZrO,, full spectra of Ru-N," on TiO, under 24 hr illumination.
This material is available free of charge on the ACS Publications website.
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