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ABSTRACT
Alexander Moore Lapides: Molecular Complexes at Electrode Interfaces

for Sustainable Energy Applications
(Under the direction of Thomas J. Meyer and Joseph L. Templeton)

The development of sustainable, carbon-neutral energy sources is necessary to offset the
environmental harm caused by the consumption of CO,-releasing fossil fuels. Although solar
irradiation is sufficient to satisfy worldwide energy demand, storage of this energy remains
problematic. One storage method is the photolysis of water into oxygen and hydrogen. Burning
hydrogen in the presence of oxygen unleashes the energy stored in its chemical bonds, forming
only water as a byproduct. Long-term applications require the stable integration of molecules
with semiconductor materials to facilitate photolysis. One method for attaching molecules to
surfaces is reductive electropolymerization, in which vinyl-functionalized monomers are
electrochemically reduced, inducing C—C bond formation. These polymers precipitate on the
electrode surface — attached by physical adsorption. Substitutive coordination chemistry,
influenced by electrochemical potential and the electrolytic solution, is possible in these polymer
environments.

Electropolymerization is applicable in the formation of multi-component films as well.
Electrochemical reduction of a semiconductor-bound, vinyl-derivatized chromophore in a
solution containing a distinct vinyl-functionalized molecule results in spatially-separated,
covalently-linked assemblies on the semiconductor surface. Transient absorption spectroscopy

demonstrated that the chromophore undergoes electron injection to the semiconductor and hole
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transfer to the second molecule. The polymer overlayer improves the photochemical interfacial
stability of the underlying chromophore by ~30-fold. Multi-component film formation via
electropolymerization allows for the incorporation of a molecular water oxidation catalyst as the
outer layer. Chromophore-catalyst assemblies thusly formed demonstrate impressive
electrochemical- and photo-stability with high electrocatalytic activity for oxygen formation.
Atomic layer deposition (ALD) of a metal oxide is known to stabilize covalent binding of
molecules to semiconductor surfaces by “burying” the bonds; here it is demonstrated that
embedding a chromophore in a metal oxide, attaching a catalyst, and additional metal oxide
deposition is a method of forming stable chromophore-catalyst “mummies” that produce oxygen
photoelectrochemically over multiple hours. Core/shell semiconductors with mismatched
conduction band potentials are constructed using ALD. Sub-nanosecond injection and
recombination processes are investigated, as are the effects of annealing on the core/shell

interface. These findings are compared to device measurements.
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Figure 5.7. (a) Off—on photocurrent—time traces and; (b) normalized photocurrent—time
traces under continuous illumination for 10 minutes for nanoTiOs-RuP*" (black dash-
dot traces), nanoTiOo-RuP**(10-A0) (red dash traces), and nanoTiO2-RuP**(10-AO)|-
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nanolTO|-RuP**(10-A0)|-RuCP(OH,)**(10-A0) (blue trace) and nanolTO|-RuP**(10-
AO) (red trace), with E.o =-0.61 V vs. NHE. Cathodic currents arise from O, reduction
at the FTO collector electrode (conditions: pH 8.8, 0.1 M HzPO4'/HPO42'; 0.4 M NaClOy;

Ref = SCE; AuxX = Pt-IEsh). ....oooiiiiiiiiiiiie ettt et

Figure 5.13. (a) Photocurrent-time traces for nanoTiO,-RuP**(10-A0)|-
RuCP(OH,)**(10-A0) at the (top) generator electrode and (bottom) collector electrode
under illumination (solid traces) and in the dark (dashed traces) with Egep = 0.64 V vs.
NHE and E.o; = -0.61 V vs. NHE. (b) Photocurrent-time traces for nanoTiO,/-RuP**(10-
AO)|-RuCP(OH,)**(10-A0) at the (top) generator electrode and (bottom) collector
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traces) with Egen = 0.64 V vs. NHE and E¢,; = -0.61 V vs. NHE. b) and d) Photocurrent-
time traces for b) nanoTiO,-RuP?**(10-A0)|-RuCP(OH,)** and d) nanoTiO,|-RuP**(10-
AOQ) at the (top) generator electrode and (bottom) collector electrode under illumination
with Egen = 0.64 V vs. NHE and E; = -0.61 V vs. NHE (solid traces) or E¢on = -0.06 V
vs. NHE (dashed traces). (Conditions: ~200 mW cm™ white light illumination; 380-nm
long-pass filter; pH 8.8, 0.1 M H,PO4,/HPO,*; 0.4 M NaClOy; Ref = SCE; Aux = Pt-

Figure 5.15. Current-time traces for nanoTiO,|-RuP**(10-A0)|-RuCP(OH,)**(10-A0)
Eeen=0.64 V and Ec; = -0.61 V under illumination. Blue traces (left axis) indicate
generator current under illumination (solid) and in the dark (dotted) while red traces
(right axis) indicate collector current with the same convention. Cathodic current arises
from O, reduction at the FTO collector electrode (conditions: ~200 mW cm™ white light
illumination; 400-nm long-pass filter; pH 8.8, 0.1 M H,PO4/HPO,*; 0.4 M NaClOy; Ref

= SCE; AUX = Pt-INESH). ..c.eiiiiiiiiiiiicce e et et e

Figure 5.16. Cumulative Faradaic efficiency vs. time trace for nanoTiO,-RuP**(10-
AO)|-RuCP(OH2)2+(10-AO) under white light illumination. (Conditions: ~200 mW cm’
white light illumination; 400-nm long-pass filter; pH 8.8, 0.1 M H,PO,/HPO,*; 0.4 M
NaClOy; Ref = SCE; Aux = Pt-mesh; Egen = 0.64 V vs. NHE and E¢; = -0.61 V vs.
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Figure 6.1. a) Schematic depiction of the photophysical processes of excitation and
charge transfer occurring at the chromophore-SnO,/TiO; core/shell interface with
excitation and forward electron transfer indicated with green numbers and excited-state
decay and back electron transfer indicated with red numbers (adapted from reference 9);

b) Molecular structure of RuP**; ¢) Schematic depiction of physical core/shell structure. .....

Figure 6.2. Plot of expected (blue diamonds) and observed (red squares) TiO, thickness
as a function of TITMDA/H,O cycles as determined by ellipsometry on planar Si. The
red line is a linear fit of the observed data. (conditions: Tieactor = 150 °C, Tritpma = 75 °C;

each reactant was held in the chamber for 20 s, then purged for 60 8).......ccccevvvvevieniiieniennnns

Figure 6.3. Normalized transient absorption kinetics for nanoZrQO,/TiO,|-RuP** as a
function of TiO, shell thickness monitored at Aprobe = 376 nm. (conditions: 0.1 M HCIOy;

Apump = 480 N5 100 NI/PULSE).c.eviiiiiiiiiiieiieeeeeeee e

Figure 6.4. Normalized transient absorption kinetics for nanoSnO,/TiO,|-RuP?** as a
function of TiO, shell thickness monitored at Aprobe = 376 nm. (conditions: 0.1 M HCIOy;

Apump = 480 N5 100 NI/PULSE).c.eviiiiiiiiiiciieieececee et

Figure 6.5. Normalized transient absorption kinetics for a) nanoSnQO,/Ti0,(0.87-nm)|-
RuP?**; and b) nanoZr0O,/Ti0»(0.87-nm)|-RuP*" for unannealed (red squares) and
annealed (black squares) photoanodes. (conditions: 0.1 M HCIO4; Apymp = 480 nm; Aprobe
=376 nm; 100 nJ/pulse; annealing conditions: 450 °C for 30 minutes, following 45-
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Figure 6.6. Normalized decay kinetics vs. pump-probe time monitored at 430 nm for
nanoZrO,/TiO,-RuP*" as a function of TiO; shell thickness (0 to 1.3 nm). The numeric

labels in the figure refer to the TiO; shell thickness, while the ZrO, and TiO; labels

indicate a film of bare nanoparticles loaded with RuP*". (conditions: 0.1 M HClO4; Apump

=480 nm; Aprobe = 430 nM; 100 NI/PULSE) ..t 177

Figure 6.7. Normalized decay kinetics vs. pump-probe time monitored at 430 nm for
nanoSn0,/TiO,|-RuP*" as a function of TiO; shell thickness (0 to 1.8 nm). The numeric

labels in the figure refer to the TiO, shell thickness, while the SnO, label indicates a film

of bare nanoparticles loaded with RuP*". (conditions: 0.1 M HClO4; Apymp = 480 nm;

Aprobe = 430 nm; from 200 fs to 400 ps: 100 nJ/pulse; for 400 us to 4 ms: 1 mJ/pulse; the

short (<400 ps) and long (>400 ps) timescales were normalized to each other)........................ 180

Figure 6.8. Normalized decay kinetics for unannealed (orange trace) and annealed (dark

orange trace) nanoZrO,/TiO»(0.87-nm)|-RuP*". (conditions: 0.1 M HCIO,; Apump = 480

nm; Aprobe = 430 nm; 100 nlJ/pulse; annealing conditions: 450 °C for 30 minutes,

fOllOWING 45-MINULE TAMNP) ...veeuvieiiieiieeiieeieeeie et eeite et estteeteesteebeeseesabeeseessseenseessseenseessseensens 183

Figure 6.9. Normalized decay kinetics for unannealed (purple trace) and annealed (dark

blue trace) nanoSnO4/Ti0»(0.87-nm)|-RuP**. (conditions: 0.1 M HCIOy; Apump = 480 nm;

Aprobe = 430 nm; 100 nJ/pulse; annealing conditions: 450 °C for 30 minutes, following 45-
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Figure 6.10. Normalized decay kinetics for unannealed nanoZrO,/TiO2(0.87-nm)|-RuP**
(orange trace) and annealed nanoSn0O,/Ti0,(0.87-nm)|-RuP** (dark blue trace).

(conditions: 0.1 M HClO4; Apump = 480 nm; Aprone = 430 nm; 100 nJ/pulse; annealing

conditions: 450 °C for 30 minutes, following 45-minute ramp)..........ccccceereeerreeniencieenieenveennen. 185

Figure 6.11. Proposed scheme comparing electron transfer on 7anoSnOo/TiO,|-RuP*
with a) thin TiO; shells and b) thick TiO; Shells. ..........cocviiiiiiiiiiiiceee e 192

Figure 6.12. Normalized decay kinetics for unannealed MO,/TiO,-RuP** for MO, =

ZrO; (orange traces) and MOy = SnO; (purple traces) for a) 0.34-nm thick TiO; shell; and

b) 1.3-nm thick TiO; shell. (conditions: 0.1 M HCIO4; Apump = 480 nm; Aprobe = 430 nmy;
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Figure 6.13. Light-on/light-off photocurrent-time traces for nanoSnO,-RuP*" (black)

and nanoTiO,-RuP*" (gray) in the presence of hydroquinone (0.02 M). (conditions: ~100

mW cm™ white light; 400-nm long-pass cutoff filter; E,pp = 0.4 V vs. Ag/AgCl; 0.1 M

HCIOy; ref = Ag/AgCl, sat. NaCl; auX = Pt) ooooeiiiiiieiieieeeee e 196

Figure 6.14. Light-on/light-off photocurrent-time traces for nanoSnO,/TiO,|-RuP** with

TiO; shell thickness of 0.34 nm (red), 0.87 nm (blue), 1.3 nm (purple), and nanoSnO,|-

RuP?* (black) in the presence of hydroquinone (0.02 M). (conditions: ~100 mW cm™

white light; 400-nm long-pass cutoff filter; E,pp, = 0.4 V vs. Ag/AgCl; 0.1 M HCIOy; ref =
Ag/AGCL, sat. NaCl; QUX = Pt) oottt ettt st e e s e saaaens 198
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Figure 6.15. Light-on/light-off photocurrent-time traces for nanoZrO,/TiO,|-RuP** with

TiO; shell thickness of 0.34 nm (green), 0.87 nm (orange), and 1.3 nm (dark red) in the

presence of hydroquinone (0.02 M). (conditions: ~100 mW cm™ white light; 400-nm

long-pass cutoff filter; E.pp = 0.4 V vs. Ag/AgCl; 0.1 M HCIOy; ref = Ag/AgCl, sat.

INACT; QUX = Pt) ottt e e e e et e e e ab e e e etbae e aseeeaseeetseesntseesraeesraeenn 199

Figure A.1. EDS spectra (middle) and the tabulated results (left) for nanoTiO,|-RuPdvb-
poly[Fe(v-tpy)2]>~ (50 cycles) at various depths that are indicated by the pink rectangle
(FAT TIZINE). 1.ttt ettt et e et e e st e eabeebeeeabeenseeesbeenseeenbeenseesnseenseas 209
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CHAPTER 1: SOLAR FUELS - (INTER)FACING THE CHALLENGE
1.1. Introduction

Developing sustainable, carbon-neutral energy sources is a necessity as fossil fuel
supplies fall and the environmental concerns caused by the use of fossil fuels are amplified. As
exemplified by recent crude oil prices (Brent Crude priced at $37 per barrel on December 31,
2015, down 67% from two years prior) and predictions of availability (from 40 to 150 years of
oil remaining),' fossil fuels will be an unstable and unreliable energy source in the coming years.
Perhaps more important are the extreme environmental changes for which fossil fuel use is
responsible. Figure 1.1 shows atmospheric CO, concentration (in ppm by volume) dating back
to approximately 400,000 B.C. Despite natural fluctuations in atmospheric CO, concentration
observed over the past several hundred millennia, 2015 saw the highest CO, concentration of the
past 400,000 years — a 34% higher concentration (400.8 ppm) than the pre-modern high (298.7
ppm) around 320,000 B.C. Additionally, this dramatic increase has occurred over the past
hundred or so years, with 1912 being the last year that atmospheric CO, was below 300 ppm. To
offset this rapid increase in atmospheric CO, concentration, carbon-neutral energy sources are

required.
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Figure 1.1. Plot of atmospheric CO, concentration (in parts per million by volume) over the past
400+ millennia. The dashed line represents 300 ppmv. (Data Source: Vostok 400,000-plus-year
record: J.R.Petit, Laboratoire de Glaciologie et Geophysique de I'Environnement, Grenoble,
France and Dr. Pieter Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/) and Dr. Ralph
Keeling, Scripps Institution of Oceanography (scrippsco2.ucsd.edu/)).

Among a multitude of carbon-neutral energy sources, solar energy is the best option. For
practical purposes, its supply is infinite, and it is perhaps the only carbon-neutral energy source
truly available worldwide. Figure 1.2 shows that Germany has consumed more solar energy
annually (without normalizing for population) than the United States since 2005, despite the fact
that it receives roughly the same annual solar irradiation as Alaska.” Sunlight resource is not a
limiting factor in solar adoption. At 1.2 x 10° TW, the solar energy that hits the earth’s surface in
one day exceeds the total energy consumed worldwide in a decade.' Yet despite the enormous

potential for satisfying global energy demand with sunlight, solar energy remains a small



percentage of the global energy footprint, with only 186 TW-h (rate = 0.02 TW) provided by

solar-generated fuel out of approximately 5.7 x 10* TW-h (rate = 6.5 TW) consumed in 2014.’
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Figure 1.2. Consumed solar electricity (in TW-h) for the United States and Germany since the
year 2000. (Data Source: BP Statistical Review of World Energy June 2015).

One reason for this discrepancy is that solar energy requires capture, conversion, and
storage." While many techniques exist for the first two requirements, implementation is still
limited by the diffuseness of solar energy. Solar arrays covering an area approximately the size
of Nevada (assuming 10% efficiency) would be needed to power the planet. Such
implementation would require a large investment in materials, and a shift in infrastructure.

However, the third issue, that of solar energy storage, is just as problematic (if not more so) as



the first two. The sun is an inherently intermittent energy source; it sets at night and it is often
shielded by clouds. Photovoltaic energy, or direct conversion of solar energy to electricity, is a
point-of-use power source — the energy that is not used is lost. Therefore, storage of solar energy
is critical.

While several methods for storing solar energy are possible, two have legitimate claim to
being globally implementable: storing solar energy in batteries and using solar energy to form
chemical bonds that are later broken to release the stored energy (i.e. fuel). Although battery
technology (in particular lithium-ion battery technology) has improved dramatically over recent
years, several considerations favor fuel storage. Without considering production cost and
disposal complications, the specific energy density in chemical bonds is higher than that of
lithium-ion batteries. For example, gasoline has a specific energy density of ~12 kW-h kg™,
hydrogen gas has an even higher one of 32.5 kW-h kg™, but a typical lithium-ion battery has a
specific energy density of only ~0.2 kW-h kg™'.** Implementing solar fuel is more compatible
with current infrastructure. In the United States in 2014, 1.0 x 10* TW-h of fuel were consumed
(largely as oil, coal, and natural gas) whereas only 4.3 x 10° TW-h of electricity were generated.’
The generation of a carbon-based solar fuel (e.g. ethanol or butanol) from atmospheric CO,,
water, and sunlight would minimize interruption of economic activity during implementation.
Fuel is a more versatile energy source than batteries are. It can exist in many forms, from H, gas
to butanol to gasoline. Several commodity chemicals, including carbon monoxide and formic
acid, can also be generated by the reduction of atmospheric COx.

1.2. Artificial Photosynthesis

Despite the enormous potential for converting water, CO,, and sunlight into fuel, the
overall process for doing so is challenging. Using sunlight to generate fuel mirrors the natural

photosynthetic process by which plants generate O, and carbohydrates from water and carbon



dioxide. The term “artificial photosynthesis” is the widely adopted moniker for scientists’
attempts to mimic the reaction. The most fundamental approach to artificial photosynthesis is
known as water splitting, in which water is broken down into its component parts: oxygen and
hydrogen. In the case of water splitting, hydrogen is the desired fuel, while oxygen is a
byproduct. The overall reaction, 2H,O — 2H; + O,, can be broken down into two half-reactions:
the oxygen evolution reaction (OER, also known as water oxidation) and the hydrogen evolution
reaction (HER, also known as water or proton reduction). The half-reaction and thermodynamic

potential are shown in Equation 1.1 (OER) and Equation 1.2 (HER).

Equation 1.1
2H,0 — O, +4H" + 4e” E°=1.23—-(pH)(0.059) V vs. NHE

Equation 1.2
4H' +4e — 2H, E°=0—(pH)(0.059) V vs. NHE

It is important to note that the potentials in Equation 1.1 and Equation 1.2 are dependent
on H' concentration; each potential shifts negatively 0.059 V per pH unit increase. The
difference between them is always 1.23 V, which represents the minimum potential input
required to drive the formation of O, and two Ha.

Simplifying water splitting into its component half-reactions also highlights the
separation of four electrons and four oxidative equivalents (a.k.a. holes). These electrons and
holes must remain separated for O, evolution to occur; therefore the electrons and holes tend to
accumulate on the electrode interfaces. The accumulation of electrons and holes reduces the

likelihood of a subsequent separation occurring, which increases the overpotential (or the amount



of potential required above the thermodynamic value) needed to drive the two half-reactions
simultaneously. The accumulation of four holes on the anode (oxidative) side is especially
problematic. For this reason, light-induced water splitting remained elusive for some time.

In a seminal 1972 Nature report, Honda and Fujishima first demonstrated light-assisted
water oxidation catalysis.® They connected n-type TiO; as a photoanode to a platinum black dark
cathode in aqueous solution. Upon illumination at A <415 nm (i.e. ultraviolet light), O, was
evolved at TiO; and H, was evolved at Pt. These results were later confirmed, with the
recognition that an applied potential bias (as low as 0.25 V but often 0.5 V to 2.0 V) is required
to drive production of both products.” Following this report, other systems were developed to
reduce or remove the applied bias requirement.*'® The majority of these systems use planar,
bulk-material electrodes to effect water splitting. These materials often act as both light-absorber
and catalytic surface, although catalysts and/or protective layers can be added to increase
catalytic rates and to improve the lifetime of the systems.

The first molecular catalyst for water oxidation was the “blue dimer” reported by Meyer
in the early 1980s (Figure 1.3a).'*"® Since its emergence, many other molecular catalysts for
water oxidation have been developed and investigated.'* One example is particularly
promising.** Sun’s Ru" 6,6'-dicarboxylic acid-2,2'-bipyridine-type catalysts (Figure 1.3b) have
achieved turnover frequencies (TOFs) exceeding 300 s'. While catalyst longevity remains a
critical issue, the high TOFs observed with these molecular catalysts demonstrate their potential

in solar fuel production.
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Figure 1.3. a) Meyer’s “blue dimer,” [(bpy).(OH,)Ru™ORu"(OH,)(bpy)2]*"; b) Sun’s
bis(picoline) catalyst, Ru(6,6’-dicarboxylate-2,2’-bipyridine)(4-picoline)s.

One benefit of molecular systems is their ability to utilize proton-coupled electron
transfer (PCET). In 1978, Meyer reported that the one-electron oxidation of
[Ru"(bpy)2(py)(OH)]*" (bpy = 2,2’-bipyridine; py = pyridine) in aqueous solution above pH 1
does not result in [Ru"(bpy)2(py)(OH,)]*", but instead concertedly releases a proton to form
[Ru"(bpy)2(py)(OH)]*" + H' (Figure 1.4).” A subsequent oxidation releases another proton,
resulting in [Ru"" (bpy)2(py)(O)]*" + H". This observation has important implications. First, the
oxidation of [Ru(bpy)2(py)(OH,)]*" is pH-dependent. A one-electron, one-proton oxidation will
shift 59 mV negatively per pH unit increase. This pH-dependent redox behavior is true across
several molecular species in which an aquo ligand is coordinated to a metal center. Another
implication is that the overall charge on the complex remains +2 for the first two oxidation
events due to the release of two protons. As noted previously, one of the challenges of water
oxidation catalysis is the accumulation of four holes for catalysis to occur. Typically this build-
up results in a +4 increase in charge on the complex. However, because the complex is able to
shed protons as oxidation occurs, the accumulation of excessive charge is largely avoided.

Molecular catalysts also allow for mechanistic study and systematic variation of the catalytic



environment via alterations of the metal center and ligand framework of the molecules. Such

modifications are not as straightforward in bulk systems.

/\ _|2+

Figure 1.4. Schematic depiction of proton-coupled electron transfer in single-electron oxidation
of [Ru(bpy)2(py)(OH2)]*".

1.3. Dye-Sensitized Photoelectrosynthesis Cells (DSPECs)

Despite the promising activity of these molecular species as water oxidation catalysts,
they address only the conversion and storage issues of solar fuels production. Capture of sunlight
is still required. The molecular light-absorber [Ru(bpy)s;]*" was observed to undergo excited-state
electron transfer to a methyl viologen quencher, resulting in the one-electron reduced species of
methyl viologen and [Ru(bpy)s]’".*® This quenching behavior suggested that [Ru(bpy);]*" could
be used for light-induced electron transfer events.”” Given correctly-positioned redox potentials
for a catalyst, [Ru(bpy)s]>" (E(Ru™") = 1.26 V vs. NHE) can be used to oxidize a molecular
catalyst following excited-state electron injection into the conduction band of a wide bandgap
metal oxide semiconductor (E(Ru"™"*) =—0.87 V vs. NHE).

This reactivity was realized in 1999 with Meyer’s report of the first dye-sensitized

photoelectrosynthesis cell (DSPEC) for the light-assisted dehydrogenation of 2-propanol to



acetone (Figure 1.5).”® In this study, a covalently-linked chromophore-catalyst assembly (with
each component a Ru"-polypyridyl complex, the light-absorber a [Ru(bpy)s]*" derivative) was
bound to nanoparticles of crystalline TiO; (nanoTiO,) via carboxylate linkers. Upon
illumination, subsequent electron injection and charge transfer events resulted in the Ru''=0
form of the catalyst, which is capable of oxidizing 2-propanol to acetone. In 2009, Mallouk
employed a similar photoanode design to that of Meyer, using hydrated iridium oxide (IrO; ¢
nH,0) as the catalyst bound to a [Ru(bpy)g]zJr derivative through carboxylate attachment for
water oxidation catalysis, the key half-reaction of water splitting.”” Multiple reports of DSPEC

. . 22,30-35
photoanodes for water oxidation have emerged since then,™

and different strategies for
coupling semiconductors, chromophores, and catalysts have emerged as well, each with its own

set of advantages and disadvantages.

b)
OH Light o
)\ " Assembly v
Assembly

Assembly

Figure 1.5. a) Chromophore-catalyst assembly employed in the first report of a DSPEC. b)
Scheme of first-reported DSPEC reaction.

In the simplest scheme, a DSPEC photoanode requires a wide bandgap semiconductor, a
molecular chromophore, and a catalyst, along with a means of binding the latter two to the

former. An ideal DSPEC has a series of desired, forward charge transfer events that occur



sequentially (Figure 1.6). The forward processes are (numbered as in Figure 1.6): (1) light
absorption by the chromophore promoting a metal-to-ligand charge transfer (MLCT); (3)
electron injection from the excited state of the chromophore to the conduction band of the metal
oxide semiconductor; (4) hole transfer from the oxidized chromophore to the catalyst; and (6)
diffusion of the injected electron to the back contact (to prevent recombination). These processes
are shown in green in Figure 1.6. These processes must occur four times in order to liberate one
molecule of O, from H,O.

A series of backward processes, in which the electron-hole charge separated pair
recombines, can also occur. The deleterious (backward) processes are (numbered as in Figure
1.6): (2) relaxation of the excited-state chromophore to the ground state; (5) BET from the
semiconductor to the oxidized chromophore; and (7) BET from the semiconductor to the

oxidized catalyst. These processes are shown in red in Figure 1.6.
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Figure 1.6. A simplified scheme for photochemical activation and charge transfer in a
chromophore-catalyst assembly bound to a transparent, wide bandgap semiconductor. Please
refer to the text for a discussion of charge transfer events.

The balance of forward and backward charge transfer events is determined by the relative
rates at which these reactions occur. The critical timescales for a photoanode were summarized
in a recent review by the UNC Energy Frontier Research Center (EFRC).” Following light
absorption, electron injection (sub-picosecond) and hole transfer (typically sub-nanosecond)
occur quickly, while catalysis (millisecond to second, depending on conditions) occurs more
slowly. Two competing events, electron diffusion to the back contact and BET, both occur on the
microsecond to millisecond timescale, and this competition ultimately hinders DSPEC
efficiency. Ideally, BET would be several orders of magnitude slower than diffusion, which
would allow for accumulation of holes on the catalyst prior to (typically slow) catalysis.

Strict energetic requirements are placed on the components of the photoanode. The

excited-state reduction potential of the chromophore must be positioned more negative than the

11



conduction band of the semiconductor. This arrangement allows for electron injection from the
excited state into the conduction band. The redox potential for the oxidized chromophore (i.e. the
chromophore following electron injection) must be positioned more positive than the redox
couples of the catalyst. This arrangement allows for hole transfer from the oxidized chromophore
to the catalyst. Each oxidation of the catalyst tends to shift the new oxidation potential more
positive; therefore it is important that the potential to oxidize the catalyst to its active state

VIV=Q event for Ru"-polypyridyl catalysts) remains negative of the redox

(typically a Ru
potential of the oxidized chromophore.

As mentioned above, a DSPEC requires the integration of a chromophore and catalyst
with a wide bandgap metal oxide semiconductor. Typically, binding groups are required for
immobilization on a metal oxide surface. These groups consist of one (or more) of several
functional groups, including carboxylic acids, phosphonic acids, sulfonic acids, siloxanes,

alcohols, amides, acetyl acetonates, and nitriles.>*3¢>?

These functional groups are typically
moieties on ligands. The simplest method of integrating the three components is co-deposition
(Figure 1.7a).>**>***' The chromophore and catalyst, functionalized with binding groups (most
often carboxylic or phosphonic acids), are loaded from solution to the metal oxide. These
assemblies require lateral hole transfer from the oxidized chromophore to the catalyst, and they
might suffer fast BET since both the chromophore and catalyst are localized on the

semiconductor interface. Furthermore, they have inherently limited surface coverage due to

binding two species.
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Figure 1.7. Schematic depiction of a) co-deposition; b) covalent-linked assembly attachment;
and c) layer-by-layer assembly of a chromophore and catalyst on a metal oxide surface. In this
scheme, the chromophore is shaded orange and the catalyst is shaded purple. The green diamond
in ¢) is a coordination linker (e.g. Zr'").

The chromophore and catalyst can be covalently linked prior to loading (Figure 1.7b).
These pre-formed chromophore-catalyst assemblies have several advantageous properties,

including constant chromophore-catalyst ratios (typically 1:1), close spatial (and occasionally

22,33,42-46

electronic) coupling, and consistency among samples. They also have drawbacks,

47,48

including low surface coverage due to higher charge and larger size, ™ tedious and time-

49,50

consuming synthetic preparation, and the requirement of functionalizing the chromophore for

binding (via carboxylic or phosphonic acid linkers), increasing the complexity of synthesis.”'*
A simpler assembly technique, with many of the same advantages but few of the

drawbacks, is layer-by-layer formation achieved by sequentially soaking a metal oxide electrode

in solutions containing: 1) a chromophore; 2) a coordination linker (e.g. Zr'"); and 3) a catalyst

(Figure 1.7¢).>>™ The chromophore requires at least two binding groups: one for surface

attachment, one for coordination to the linker. The catalyst requires only one binding group for

13



coordination to the linker. The formation of these assemblies can be easily monitored by UV-
visible absorption spectroscopy, as well as sweep voltammetry measurements.

Despite the different manners in which chromophores and catalysts can be assembled on
semiconductor surfaces, each method suffers a common set of disadvantages. Decomposition is a
critical issue facing DSPEC applications. In natural photosynthesis, the oxygen-evolving
complex (OEC) must regenerate itself approximately every 30 minutes due to oxidative
damage.>® Artificial photosynthesis shares the same fate, with chromophore and catalyst
decomposition regular occurrences.'®****"% Another issue critical to DSPEC application is
desorption. The acid groups (both carboxylic and phosphonic) used for surface binding are
susceptible to detachment under a myriad of conditions, notably under illumination, applied
electrochemical potential, and in aqueous solution — the exact conditions of DSPEC operation.>””
% Two immediate solutions could ameliorate these issues: 1) stabilization of the binding groups;
or 2) removal of the binding groups.

1.4. Electropolymerization

One method for eliminating surface binding groups is electropolymerization.’**"*"" The
technique of electropolymerization (a.k.a. electro-assembly) requires a moiety capable of
undergoing C-C coupling under an applied potential. Typically, these functional groups are vinyl
groups capable of electropolymerization upon reduction. The mechanism of this coupling has
been investigated.”® Surface anchoring is due to precipitation and physical adsorption of the
polymer — the molecules are not attached chemically. Due to this manner of binding, adsorption
to the semiconductor surface should be pH-independent. Multi-component films have also been
demonstrated using electropolymerization, suggesting the technique can be used to form

: : 65,75,79,80
chromophore-catalyst assemblies on semiconductor surfaces.®>>"
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Electropolymerization can also be used in conjunction with other surface-binding
techniques. Meyer showed that a [Ru(bpy)s]*" derivative functionalized with both vinyl and
carboxylic acid groups (on different bpy ligands) would first bind on nanoTiO; via the
carboxylate linkers, and was then capable of undergoing reductive coupling with a vinyl-

8152 Not only did electropolymerization of

functionalized [Ru(bpy)s]*" derivative in solution.
these overlayers result in covalent-coupling to a surface bound chromophore, but the polymer
overlayers also improved the binding stability of the carboxylic acid-bound chromophore. No
desorption was observed thermally from pH 1 to 14 over periods of weeks; however the
photoelectrochemical stability was not investigated at the time.*® These studies demonstrated the
possibility of using electropolymerization to form photoelectrochemically-stable multi-

component films for DSPEC applications.

1.5. Atomic Layer Deposition (ALD)

Another method of stabilizing surface binding sites is protecting them using atomic layer
deposition (ALD). ALD has emerged in recent years as a leading technique for thin film
deposition in a precise and controlled manner.™ It is a self-limiting process that alternates
exposures of a metal source and oxygen source to a substrate. Using ALD, a variety of thin films
can be deposited on high aspect ratio substrates. The most common metal oxide deposited is
AlLOs3, but many others, including TiO,, SnO,, ZrO,, ZnO, HfO,, Ta,0s, and Fe,O3 are deposited
routinely.**™

A sample ALD procedure is outlined in Figure 1.8 for the deposition of aluminum oxide
from trimethylaluminum (TMA) and water. A hydroxide-terminated substrate (e.g. a metal oxide
surface) is placed in a reaction chamber under a steady flow of an inert gas (typically N, at 5 —

20 sccm) and dynamic vacuum. TMA is quickly pulsed into the chamber and allowed to react

with substrate. For planar substrates, the pulse itself is typically sufficient for a complete

15



reaction; for high aspect ratio substrates, the chamber might be isolated temporarily from
vacuum to provide a longer exposure time. Following exposure, residual TMA and the methane
byproduct are purged from the chamber via vacuum. When the first reactant is fully removed,
water is then pulsed into the chamber, hydrolyzing the remaining Al-CHj3 bonds. Excess water is
then purged from the chamber with the methane byproducts. The new surface consists of AI-OH
bonds, which are capable of reacting with more TMA, continuing the process in a layer-by-layer
fashion. ALD has several advantages over other coating methods (e.g. dip-coating,
electrodeposition, spray pyrolysis, etc.). It is a gas-to-surface reaction, which allows for uniform
coating of high aspect ratio films (typically up to 1,000 depending on the precursors). It provides
tremendous control of thickness, depositing a sub-monolayer amount with each cycle (Al,O3 is

known to deposit 1.1 A cycle™; a monolayer of amorphous Al,Os is ~3.8 A thick).™
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Figure 1.8. Scheme depicting the atomic layer deposition of aluminum oxide via: (1) exposure
of surface-terminating hydroxide to trimethylaluminum; (2) removal of excess
trimethylaluminum; (3) exposure of methyl-aluminum termini to water; (4) removal of excess
water; and (5) repetition of (1) — (4) until the desired thickness of aluminum oxide is achieved.
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The effects of ALD on binding stabilization of the well-studied molecular chromophore
[Ru(4,4’-dpbpy)(2,2’-bipyridine),][Cl], (RuP**; 4,4’-dpbpy = [2,2’-bipyridine]-4,4’-

61,62 .
> Increased thicknesses of

diylbis(phosphonic acid)) has been characterized in recent years.
ALL,O3 and TiO, deposited on nanoTiO,-RuP?* have been shown to increase the photochemical
interfacial stability relative to an unprotected sample albeit with some deleterious effects on

electron injection (Figure 1.9). Other molecules, including a water oxidation catalyst, have also

been surface stabilized using ALD.**** ALD is also used to stabilize planar photoanodes for

water oxidation catalysis with promising results.*®
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(a) ALD TiO, shell layer
T 39 Ns — 28 x 103 ns

(b) ALD TiO, protective layer
kgos: 30 X 1051 — 2 x 105 571

Figure 1.9. Diagram depicting the use of ALD in (a) forming core/shell structures for slowing
back electron transfer;* and (b) protecting the binding to metal oxide surfaces of covalently-
attached molecular species.®

Another application of ALD in DSPEC:s is the fabrication of core/shell structures.
Core/shell structures are constructed such that there is a favorable energy gradient for electron
transfer from the outer (shell) semiconductor to the inner (core) semiconductor due to misaligned
conduction band potentials. ALD is used to deposit the shell atop the core substrate. The primary
benefit of employing a core/shell structure is that the energy gradient between the core and the
shell makes BET an uphill process, which dramatically slows BET (Figure 1.92).* From a
practical standpoint, longer-lived charge separation results in an increased level of photocurrent,
allowing for more efficient light-to-fuel DSPECs.****7

This dissertation discusses multiple strategies for assembling molecules on high surface
area, nanoparticular semiconductor surfaces. Methods include electropolymerization of single-
site catalyst precursors, electropolymerization of chromophore-electron donor assemblies,

electropolymerization of chromophore-catalyst assemblies for electrochemical water oxidation

catalysis, and ALD-assembly of chromophore-catalyst assemblies for photoelectrochemical

18



water oxidation catalysis. Finally, the use of ALD as a means of constructing core/shell
structures (in which directional electron transfer cascade events are achieved to increase charge
separation lifetime) was investigated on the ultrafast timescale by transient absorption
spectroscopy. Ultimately, these strategies demonstrate the feasibility of building stabilization
into assembly formation. Long-term stability is essential for these devices to achieve light-driven

water splitting.
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CHAPTER 2: COORDINATION CHEMISTRY OF SINGLE-SITE CATALYST
PRECURSORS IN REDUCTIVELY ELECTROPOLYMERIZED
VINYLBIPYRIDINE FILMS
Reprinted with permission from Harrison, D. P.; Lapides, A. M.; Binstead, R. A.; Concepcion, J.

J.; Méndez, M. A.; Torelli, D. A.; Templeton, J. L.; Meyer, T. J. Inorg. Chem. 2013, 52, 4747.
Copyright 2013 American Chemical Society.

2.1. Introduction
Well-established procedures are available for the electropolymerization of vinyl-'" and

pyrrole-derivatized''™*

metal complexes on a variety of conducting substrates. The electron
transfer,™ photochemical,'? diffusional,'? and related properties of the resulting films,
including electrocatalysis,”*'""'* have also been investigated. Electropolymerization offers
significant advantages over other approaches to modifying surfaces. Multiple polymerizable
functional groups allows for cross-linking and formation of relatively high molecular weight
polymers, which leads to film formation by physical adsorption to the electrode surface. The
resulting film structures have interfacial stability in a variety of media and over an extended pH
range in water. In contrast, surface binding of carboxylate- or phosphonate-derivatized
complexes to oxide surfaces is only stable in water below pH 5.">'

Electrochemistry allows for the design of interfaces for electrocatalytic and
photoelectrocatalytic applications. In one strategy, electropolymerization is used to form films on
electrode surfaces from monomer-based catalyst precursors; recent examples have appeared

based on oxidatively-induced pyrrole polymerization.'>'*

Here we report our initial findings on
reductive electropolymerization of the catalyst precursor complexes [Ru"(Ph-tpy)(5,5'-
dvbpy)(C)][PFs] (1) and [Ru"(Ph-tpy)(5,5’-dvbpy)(MeCN)][PF¢], (2), where Ph-tpy is 4’-

phenyl-2,2°:6°,2”-terpyridine and 5,5’-dvbpy is 5,5’-divinyl-2,2’-bipyridine (Figure 2.1), and the
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behavior of the resulting interfacial films, poly-1 and poly-2. Earlier strategies relied on multiple
polymerizable ligands and cross-linking, which limited the generality of the coordination
chemistry. We report here that the doubly derivatized 5,5’-dvbpy ligand in these complexes is
sufficient to achieve stable interfacial film structures, as reported earlier by Nie and co-

1
workers.!”

Figure 2.1. Structures of single-site ruthenium complex catalyst precursors to poly-1 and poly-2.

2.2. Results and Discussion

Electropolymerization of 1 and 2 to give poly-1 and poly-2 was induced by controlled
potential electrolysis or cyclic voltammetry (CV) scans at (or up to) potentials sufficiently
negative to reduce the ligands and initiate polymerization (Figure 2.2). Either technique
produces surface coverages (I in mol cm™; Equation 2.1 and Equation 2.2) that increase
linearly with the number of reductive scan cycles or with time spent at potential (Figure 2.3).
Electropolymerized films of poly-1 (£ 12(Ru™) = +0.56 V vs. Ag/AgNOs; see Experimental for
details) and poly-2 (£ 2(Ru™M) = 40.99 V vs. Ag/NOs) on 0.071-cm? glass-like carbon
electrodes (GCEs) in 0.1 M [TBA]PFs/MeCN ([TBA]PFj is tetra-n-butylammonium

hexafluorophosphate) display peak-to-peak separations (AE,) of 22 and 21 mV (Figure 2.4a),
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respectively, at a scan rate, v, of 100 mV s AE, approaches 0 as the scan rate is decreased, as
expected for a surface wave (Figure 2.4b). UV-visible absorption spectra of poly-1 and poly-2
on semitransparent fluorine-doped tin oxide (FTO) surfaces closely resemble those of 1 and 2 in

solution (Figure 2.5).
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Figure 2.2. Relative rates of electropolymerization of 1.3 mM solutions of 1 and 2 in 0.1 M
[TBA]PF¢/MeCN at 100 mV s™' scan rates on a 0.071-cm” glass-like carbon disk electrode. Left
plot shows 5 cycles past the first ligand-centered reduction of 1 (black) and 2 (red). Right plot
shows the difference in the rate of polymerization resulting from cycling past the first ligand
centered reduction of 2 (red) vs. cycling past the second ligand based reduction (blue).
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Equation 2.1

Q
r= —
nkA

Equation 2.2

_ Qp,a + Qp,c

¢ 2

Electropolymer growth is obvious by the increased current that is observed as the number
of cycles through a wave increases. The rates of electropolymerization for 1 and 2 are notably
different when polymerization is initiated via one-electron reduction. Electropolymerization in
1.3 mM solutions of 1 and 2 induced either by cycling past the first reduction or by applying a
potential equal to the first reduction £, value both indicate that 1 polymerizes at least five times
faster than 2. For example, five CVs at a scan rate of 100 mV s™ between 0 and —1.77 V (1) and
~1.60 V (2) produces T of 2.33 x 10" mol cm™ and 1.77 x 10™° mol cm™, respectively, while
applying a potential at —1.59 V (1) and —1.52 V (2) for 30 seconds, produces I' of 1.23 x 10 mol
cm™ and 2.32 x 10" mol cm™, respectively. The accelerated rate of electropolymerization for 1
likely results from a close match in the vinyl reduction potential to that of the first reduction
potential of 1. Electropolymer growth is greatly accelerated by passing through the second
reduction wave of 2, as evidenced by the increasing current between successive cycles between 0

and —1.80 V (Figure 2.2). These observations hold true for 1 as well.
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Figure 2.3. a) Linear relationship (r* = 0.9697) between I and controlled potential electrolysis
(CPE) deposition time (-1.59 V) produced from a 1.3 mM solution of 1 in 0.1 M
[TBA]PFs¢/MeCN on a 0.071-cm” glass-like carbon disk electrode. Inlaid is an overlay of the oth
oxidative cycle for each experiment. b) Linear relationship (r* = 0.9972) between I and number
of CV cycles between 0 and —1.81 V used to electropolymerization 2 from a 1.3 mM solution of

2in 0.1 M [TBA]PF¢/MeCN on a 0.071-cm” glass-like carbon disk electrode. Inlaid is an overlay

of the 9" oxidative cycle for each experiment.
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M [TBA]PF¢/MeCN with electropolymers deposited on a 0.071-cm” glass-like carbon electrode.
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Figure 2.5. a) UV-visible absorption spectrum of poly-1 on a 1-cm® FTO slide prepared by
applied potential (—1.59 V vs. Ag/AgNOs3) deposition of a 1.3 mM solution of 1 for 150 s. b)
UV-visible absorption spectrum of poly-2 on a 1-cm” FTO slide prepared by reductive cyclic
voltammetry (4 cycles from 0 to —1.81 V vs. Ag/AgNOs) of a 1.3 mM solution of 2. The Amax
values for poly-1 and poly-2 resemble their solution-based analogs.

2.2.1. Oxidatively Induced Ligand Substitution

Oxidative cycling of poly-2 through the Ru™" wave in a 1 mM solution of [TBAINO; (in
0.1 M [TBA]PF¢/MeCN) produces a new surface couple at £, = +0.68 V (Figure 2.6).
Interconversion from poly-2 to the new couple is complete after 20 scans from 0 to +1.5 V
(Figure 2.7a). A characteristic pre-wave appears at £, . = +0.80 V because of changes in the film
structure arising from ion transport.'® The negative shift of AE,» =—0.34 V is consistent with
oxidation to Ru'"", followed by substitution of MeCN by NO; to give poly-Ru-ONO,*" (poly-

Ru"-ONO," = poly-ONO,; Equation 2.3 and Equation 2.4). UV-visible absorption spectral data



are consistent with this conclusion (Figure 2.8a). Oxidative cycling-induced substitution of

MeCN for NOs™ in [Ru(tpy)(bpy)(NCMe)]*" also occurs in solution under the same conditions.

9.0x10° -

[} 2+
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] +
poly-Ru'NO,

-5
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Figure 2.6. Oxidative CVs of poly-2 on a GCE in I mM [TBA]NO; (v =250 mV s™),
illustrating the loss of poly-2 (red arrows; I' = 3.7 x 10” mol cm™) and the appearance of poly-
ONO; (green arrows). The shoulder at +0.55 V vs. Ag/AgNOj; appears to be poly-OHa, arising
from trace water in the initial solution (see below).

Equation 2.3

poly-Ru"NCMe*" — ¢ + poly-Ru""'NCMe’*
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Equation 2.4

poly-Ru™NCMe** + NO;~ — poly-Ru™ONO,*" + MeCN
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Figure 2.7. a) Plot of I' vs. time following the substitution of NO3;™~ for MeCN in poly-2 to
generate poly-ONO,. The surface coverage for loss of poly-2 is calculated by integrating the
charge under the E, , of the Ry couple in poly-2. Zero-order rate constant: 3.6 x 10" mol cm’
5™ b) Plot of T vs. time following the substitution of H,O for MeCN in poly-2 to generate poly-
OHa. The surface coverage for loss of poly-2 is calculated by integrating the charge under the
E, . of the Ru™" couple in poly-2. Zero-order rate constant: 1.4 x 10" mol cm™s™'. The “on”
time was estimated using the scan rate and £, values (see text).
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Figure 2.8. a) UV-visible absorption spectra of poly-2 on FTO before (black) and after cycling
(red) in 1 mM [TBA]NO;. The red-shift in the spectrum is consistent with nitrate entering the
coordination sphere of Ru. Note: there is a mixture of poly-2 and poly-ONO, due to
inconsistencies in the FTO polymer arising from the large surface area of the electrode. b) UV-
visible absorption spectra of poly-2 on FTO before (black) and after (red) cycling ina 0.1 M
HCIOj solution. The red-shift in the spectrum is consistent with water entering the coordination
sphere of Ru. Note: there is a mixture of poly-2 and poly-OH; due to inconsistencies in the FTO
polymer arising from the large surface area of the electrode.

The poly-Ru™""-ONO,*""* couple was not present following a single oxidative sweep of 0
to +1.5 V or after soaking of a GCE—poly-2 electrode in [TBA]NO; for 72 hours. There was no
sign of coordination of HSO4, ClO4, or OTf by oxidative cycling of poly-2 under comparable
conditions. CI” is preferred over NO5~ in the coordination spheres of both Ru'" and Ru". There
was no evidence for substitution of Cl” for NOs3™ in poly-1. In MeCN 5 mM in [CI ], substitution
of NO3~ occurs, converting poly-ONO; to poly-1 by the reaction, poly-Ru™-ONO,*" + CI” —

poly-1 + NO;~ with oxidative cycling with slow substitution (hours) occurring without cycling.
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Similarly, oxidative cycling of poly-2 in 0.1 M HCIO4 between 0 and +1.5 V gives poly-
Ru™-OH,’" (poly-Ru"-OH,*" = poly-OH,; Equation 2.3 and Equation 2.5), with £, = +0.80 V
compared to £y, =+0.79 V vs. SCE (to calculate: E(SCE) = E(Ag/AgCl) — 0.045 V) for the
[Ru"™"(tpy)(bpy)OH,]*"** couple at pH 1 (Figure 2.9; tpy is 2,2°:6",2”-terpyridine; bpy is 2,2’-
bipyridine)."” UV-visible absorption spectral data corroborate these results (Figure 2.8b). The
reaction is complete after 20 cycles (Figure 2.7b). There was no sign of aquation when poly-2
was soaked in 0.1 M HCIO4 for 72 hours. Careful inspection of the scan sequence in Figure 2.9
reveals that a smaller wave at £, = +0.68 V vs. SCE appears during the first few scan cycles.
This wave may arise from sites near the film—solution interface that undergo substitution more

rapidly than sites in the film interior.
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Figure 2.9. Formation of poly-H,O following oxidative scan cycles of poly-2 (red arrows; Linitial
=2.7 % 10” mol cm™) in 0.1 M HCIO4; GCE, 0.071-cm* v= 100 mV s
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Equation 2.5

poly-Ru™-NCMe’** + H,0 — poly-Ru™-OH,*" + MeCN

Appearance of the aqua complex is significant given the known pH-dependent proton-
coupled electron-transfer (PCET) properties of [Ru(tpy)(bpy)(OH2)]*" and the oxidative
reactivity of higher oxidation-state Ru''(O) and Ru"(0O) forms.">'***?! In MeCN,
[Ru(tpy)(bpy)(OH2)]*" undergoes substitution of H,O by MeCN in minutes. By contrast, there is
no evidence for poly-2 when poly-OHj; is soaked in [TBA]PF¢/MeCN for extended periods or
after oxidative cycling. NOs ™ is lost from poly-ONO; to give poly-OH, upon oxidative cycling in
0.1 M HCIOy4 or upon soaking in 0.1 M HCIOs. It is noteworthy that the substitution kinetics of
MeCN in poly-2 for H,O or NOj;™ are zero-order over an extensive dynamic range consistent
with a non-complex rate-limiting step, namely, diffusion into the film (Figure 2.7).

The reaction substitution time was estimated based upon sequential CVs. The reaction
was assumed to proceed in the forward direction when the film was oxidized (i.e. when the
ligands in the film are labile and susceptible to substitution). Knowledge of the scan rate and the
potentials at which the film is in its oxidized form allows the reaction time for substitution during
the CVs to be estimated. Zero-order rate constants were determined by sampling the majority of
the polymer, not initial or final minority sites due to possible inconsistencies in the film
environment.

2.2.2. Reductively Induced Substitution

Ligand substitution is also induced by reductive cycling following reduction at the
n*(polypyridyl) levels of the ligands. The results of three reductive scan cycles of poly-1 at 100

mV s in 0.1 M [TBA]PF¢/MeCN from 0 to —1.97 V under N, are shown in Figure 2.10A.** On
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the first scan, a pre-wave appears at E, . = —1.27 V followed by surface waves at E1, =—1.66 V
(Ph-tpy reduction) and at £, = —1.87 V (5,5’-poly-dvbpy reduction).

Following the first scan through both ligand-based reductions, a new surface-based
couple appears at £, . = —1.49 V, which coincides with E, . for the first Ph-tpy-based reduction in
poly-2. A subsequent oxidative scan and the appearance of a wave at £, = +1.02 V for the poly-
Ru™"-NCMe’"*" couple reveals that ligand-based reduction induces conversion of poly-1 into
poly-2 (Equation 2.6, Equation 2.7, Figure 2.10B). UV-visible absorption spectral data
corroborate these results (Figure 2.11). The substitution mechanism, following n*(Ph-
tpy)/n*(5,5’-poly-dvbpy) reduction, is presumably by thermal population of Ru-based do*

levels, which induces ligand labilization.
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Figure 2.10. (A) Reductive CVs of poly-1 under N, (black). (B) Oxidative CVs of a poly-1
electrode prior to reductive cycling (blue; ' = 1.7 x 10” mol cm™) and after reductive cycling

(red). CVs in both (A) and (B) were obtained in fresh solutions of 0.1 M [TBA]PF¢/MeCN after
electropolymerization on a 0.071-cm” GCE.

Equation 2.6

poly-Ru"(Ph-tpy)(5,5’-dvbpy)(C)" + 2¢” + MeCN —
poly-Ru"(Ph-tpy™)(5,5’-dvbpy )(NCMe)’ + CI”

Equation 2.7

poly-Ru"(Ph-tpy )(5,5’-dvbpy )(NCMe)’ — 2e~ — poly-Ru"(Ph-tpy)(5,5’-dvbpy)(NCMe)**
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Figure 2.11. FTO slide (1-cm®) of poly-1 before (red) and after (black) reductive cycling under
an atmosphere of N, between 0 and —1.97 V (vs. Ag/AgNOs) three times. The black spectrum is
a mixture of poly-2 generated by ejection of the CI” ligand upon reduction and some residual
poly-1.

Ligand-based reduction and substitution are accompanied by a loss of Faradaic response,

with T'=1.7 x 10~ mol cm for the initial poly-1 Ru"""

wave at Ejp =+0.56 V decreasing to I’
=9.3 x 10" mol cm™ for the poly-2 wave at Ey,, =+1.03 V. In addition, a new, distorted pre-
wave appears at E,, = +0.82 V (Figure 2.10B). This observation points to a 46% decrease in the
redox response at the end of three reductive scan cycles. A related response was observed for a
thinner film of poly-1 with I' = 4.5 x 10" mol cm™ before a reductive cycle and ' =3.2 x 107"
mol cm™ for poly-2, a 29% loss. Reductive cycling of poly-ONO, and poly-OH, both result in
poly-2 with comparable decreases in I' (Figure 2.12). It is noteworthy that, after the initial

exchange occurs with a loss of electroactivity, further decreases are greatly ameliorated upon

additional reductive scan cycles.
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Figure 2.12. a) Reductive exchange of poly-ONO,. Overlay of oxidative cycle of poly-2 after
electropolymerization (black), oxidative cycle of poly-ONO; (red) after nitrate exchange,
reductive cycle of poly-ONO, under N, (turquoise), and oxidative cycle after regeneration of
poly-2 induced by reductive cycling of poly-ONO; (blue). b) Reductive exchange of poly-OH,.
Overlay of poly-2 after electropolymerization (pink), oxidative cycle in 0.1 M HCIO, after
MeCN exchange for H,O to generate poly-OHy (red), oxidative cycle of poly-OH, in MeCN
(blue), reductive cycle of poly-OH, under N, (turquoise), and regeneration of poly-2 after

reductive cycling of poly-OH, (black). These experiments were performed at 100 mV s scan
rates on a 0.071-cm® GCE.

2.3. Conclusions
Our results are important in revealing systematic and synthetically exploitable features in
the film-based coordination chemistries of poly-1 and poly-2 with significant differences

between film and solution behavior. Polypyridyl complexes of dn® Ru" typically undergo slow
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loss of nitrile ligands. Nitrile ligands are weak ¢ donors and derive coordinative stability from

" back-bonding stabilization is no longer a

dn—m* back-bonding from Ru". With oxidation to Ru
factor, and nitriles become good leaving groups. Nitrile labilization was exploited here to convert
poly-2 into poly-ONO; and poly-OH,.

The film environment also plays an important role. Following conversion of poly-2 into
poly-OH,, there is no sign of substitution of H,O for MeCN in poly-OH, or poly-Ru''-OH,*"
even over extended soaking or oxidative cycling periods in MeCN. This is a potentially
important observation for possible applications in organic electrocatalysis based on Ru-oxo
forms of poly-OH, with MeCN as the external solvent.** Oxidatively induced anation and
aquation provide a basis for systematic manipulation of the coordination environment at the
redox-active Ru" sites in films. Ligand-based reduction offers a route to loss of anions or water

in MeCN to return the films to the initial poly-2 state.

2.4. Experimental
2.4.1. Materials

Solvents and chemicals were used as received unless otherwise noted. Solvents were
obtained from Fisher Scientific; [TBA]PFs — Oakwood Products Inc.; [TEA]P — GFS Chemicals
(TEA = tetra-n-ethylammonium); RuCls - Pressure Chemical Company; AgBF4 — Sigma-Aldrich
Corporation; FTO — Hartford Glass Co. Inc.; Deuterated solvents were used as received from
Cambridge Isotopes. Deionized water was further purified using a Milli-Q Ultrapure water
purification system.

2.4.2. Instrumentation

Electrochemical measurements were conducted with a CH Instruments 660D potentiostat.
UV-visible absorption spectra were recorded on an Agilent Technologies model 8453 diode-

array spectrophotometer. 'H and >C NMR spectra were collected on Bruker 400 (100), 500
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(125), or 600 (150) MHz spectrometers. Elemental analyses (EA) were obtained from Atlantic
Microlabs and agree to within 0.4 % for C. High resolution mass spectra (HRMS) were collected
with an Agilent Technologies 6520, Accurate — Mass QTOF LCMS with 1200 series LC and
Dual Spray ESI source with flow injection in positive ion mode. All values fall within the
acceptable 5 ppm limit.

2.4.3. Electrochemical Analysis

Electrochemical experiments were performed in a three-compartment glass cell separated
by medium or fine porosity frits. Unless otherwise noted, a glass-like carbon electrode was
suspended in the center compartment with a septum containing two pre-drilled holes — one for
the glass-like carbon electrode and one for the deaerating tube. In one outer compartment, a
reference electrode was suspended in a septum containing two pre-drilled holes — one for the
reference electrode and one for a deaerating tube. In the remaining outer compartment, platinum
wire or gauze was threaded through a septum adjacent to a deaerating tube and served as the
counter electrode. Prior to use, the cells were cleaned by sonication in MeCN for 15 minutes,
rinsed with MeCN, and dried with a heat gun. Upon cooling, the appropriate solutions were
placed in their respective compartments. For solutions where reductive potentials were applied
(i.e. during electropolymerizations or film reductive cycling), fresh electrolytic solutions were
prepared by dissolving the appropriate amount of [TBA]PF; (tetra-n-butylammonium
hexafluorophosphate) or [TEA]P (tetra-n-ethylammonium perchlorate) to make 0.1 M solutions
in MeCN (Optima), dried over 3 A molecular sieves. The solutions were deaerated with Ar for a
minimum of 5 minutes after the Ar flowed through gas washers containing MeCN. For solutions
where oxidative cycling was needed, no special drying was used for the 0.1 M electrolyte
solution and the experiments were performed open to the air. For this report, two glass-like

carbon electrodes purchased from CH Instruments were used for all experiments. At the end of
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the experiments, the glass-like carbon electrodes were polished for ~10 seconds with 0.3 pm
alumina polish on a polishing pad, rinsed with water followed by MeCN, and allowed to air dry
prior to the next polymerization that was performed. Electrochemical experiments performed in
non-aqueous media (i.e. MeCN) employed a Ag/AgNOj reference electrode; those in aqueous
media (i.e. 0.1 M HClO4) employed a Ag/AgCl which was shifted to SCE (E(SCE) = +0.045 V
vs. Ag/AgCl). Prior to performing non-aqueous electrochemical experiments, the Ag wire
reference electrode solution was replaced with a stock solution of 10 mM AgNOs in 0.1 M
[TBA]PF¢/MeCN. The E}; of | mM FeCp, in 0.1 M [TBA]PF¢/MeCN with this reference
electrode was +0.094 V (AE, = 75 mV); thus, subtract 94 mV of the reported potentials to
reference vs. FeCp,.

Surface coverage (I') was calculated via Equation 2.1, where 7 is the number of
electrons passed per redox couple (moles e"), F is Faraday’s constant (96,485 C mol™), 4 is the
area of the electrode (cm?), and Q is the accumulated charge (i.e. integrated charge) for the
surface couples (in C) after nine oxidative cycles in 0.1 M [TBA]PF¢/MeCN calculated via
Equation 2.2.

Fluorine-doped tin oxide (FTO) was cleaned by four cycles of sonication of 20 minutes
each (isopropanol, isopropanol, water, water), followed by drying under air.

2.4.4. Synthetic Procedures

5,5 -divinyl-2,2 -bipyridine (5,5 -dvbpy). 5,5’-dvbpy was prepared with slight
modification of a previously-published procedure.” In a 100-mL round-bottom flask, 5,5’
bis(bromomethyl)-2,2’-bipyridine (2.5 g, 7.3 mmol) and triphenylphosphine (5.0 g, 19 mmol)
were stirred in NV, N’-dimethylformamide (40 mL) under a nitrogen atmosphere at 90 °C for 8

hours. After cooling, the tan precipitate was collected and washed with diethyl ether. This
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precipitate was added to a clean 100-mL round-bottom flask, along with 37% aqueous
formaldehyde (13 mL) and dichloromethane (40 mL). This solution was cooled to 0 °C. Using a
pressure equilibrating addition funnel under a nitrogen atmosphere, 10% aqueous NaOH (21 mL)
was added over 1 hour. The solution was brought to room temperature, covered with aluminum
foil, and left to stir overnight under a nitrogen atmosphere. The yellow mixture was diluted with
water (50 mL) and extracted with dichloromethane (3 x 30 mL). The organic fractions were
combined and washed with a saturated brine solution (2 x 30 mL) before being dried over
anhydrous MgSQ,. Excess solid was removed by gravity filtration, and the solvent was removed
to dryness. Concentration of the first band following silica gel column chromatography
(petroleum ether:ethyl acetate 1:1) gave the light-yellow product (0.51 g, 2.4 mmol, 34% yield).
4"-phenyl-2,2":6",2"-terpyridine (Ph-tpy). Ph-tpy was synthesized according to a two-part
procedure modified from the literature.** Part 1 (Synthesis of 3-phenyl-1,5-di(pyridin-2-
yl)pentane-1,5-dione, Intl): Benzaldehyde (12.2 mL, 12.7 g, 0.120 mol) was added to a flask
containing 126 mL of absolute EtOH and 90 mL of H,O followed by 2-acetylpyridine (30.1 mL,
32.5 g, 0.268 mol). NaOH (7.2 g, 0.18 mol) was added to the reaction solution and the solution
rapidly turned red. Within one to two minutes a white solid began to precipitate. After stirring
the heterogeneous solution for 1 hour the white precipitate was collected on a 2 L medium
porosity fritted funnel, washed with cold (=78 °C) EtOH, and air-dried (Int1, 35.0 g, 0.106 mol,
88% yield). Part 2 (Ph-tpy synthesis): Intl (17.5 g, 0.0530 mol) was added to a solution of EtOH
(500 mL) followed by NH4OAc (35 g, 0.45 mol). The heterogeneous solution was brought to
reflux and allowed to stir. After 37 hours, the solution became homogeneous and yellow. It was
allowed to cool and a yellow precipitate formed. The precipitate was collected on a medium

porosity fritted funnel, washed with EtOH, and air-dried (7.8 g, 0.025 mol, 48% yield). The
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filtrate was diluted with 500 mL H,O and more yellow precipitate formed. The solid was
collected on a medium porosity fritted funnel, rinsed with a minimal amount of EtOH, and air-
dried (1.5 g, 4.8 mmol, 9% yield). Both crops were pure via NMR and matched previously

published chemical shifts.**

T
©
©
™

T T T T T T
8.8 8.7 8.6 8.5 8.4 8.3 8.2

8.1 8.0
f1 (ppm)

[Ru(Ph-tpy)(5,5 -dvbpy)(Cl)] [PFs], 1. In a CEM HP-500 Plus Teflon-coated microwave
vessel, [(Ph-tpy)Ru(Cl)(u-CD)], (50.6 mg, 0.0526 mmol) and 5,5’-dvbpy (23.7 mg, 0.114 mmol)
were suspended in an EtOH (44 mL) and H,O (14 mL) mixture. This suspension was placed in a
microwave reactor where, following a ramping period (5 minutes), it was heated at 150 °C for 15
minutes. After cooling, the solution was transferred to a 100-mL round-bottom flask, and
concentrated aqueous NH4PF¢ (approximately 2 mL) was added to the flask. The solution was
concentrated on a rotary evaporator until a precipitate was observed to form. The mixture was
filtered, washed with water (twice), followed by diethyl ether (thrice) before being collected

(63.4 mg, 76%). "H NMR (400 MHz, CD;CN): & 10.24 (d, 1H, J = 2 Hz), 8.75 (s, 2H), 8.55-8.50
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(m, 3H), 8.36-8.34 (dd, 1H, J = 8.5 Hz, 2 Hz), 8.25-8.23 (d, 1H, J = 8.5 Hz), 8.13-8.10 (m, 2H),
7.90-7.86 (dt, 2H, J = 8 Hz, 1.5 Hz), 7.82-7.79 (dd, 1H, J = 8.6 Hz, 2 Hz), 7.72-7.68 (m, 4H),
7.62-7.59 (m, 1H), 7.29-7.23 (m, 3H), 7.13-7.06 (dd, 1H, J = 17 Hz, 11 Hz), 6.37-6.30 (dd, 1H, J
=17.6 Hz, 11 Hz), 6.28-6.23 (d, 1H, J = 17.6 Hz), 5.72-5.66 (m, 2H), 5.30-5.27 (d, 1H, J =11
Hz). °C {'"H} NMR (125.8 MHz, CD;CN): § 159.8, 159.0, 158.5, 155.9, 153.4, 151.7, 151.1,
147.1, 138.1, 137.9, 137.0, 136.3, 133.5, 132.2, 132.0, 130.9, 130.4, 128.6, 128.1, 124.7, 124.2,
124.0, 121.6, 120.1, 120.1. Elemental Analysis: Predicted C 52.61, H 3.41, N 8.76. Found C
52.37,H 3.66, N 8.91; HR-MS: Expected [M — PFs]" = 654.1006, Found [M — PFs]" = 654.0998,
ppm diff: 1.2. E-chem: E;»(Ru™") = +0.49(9) V vs. Ag/AgNOs, AE, =72 mV. UV-Vis: et

=528 nm (¢ = 12,450 L mol™ cm™).

H NMR (CD,CN): 1

| T e g

10.4 10.2 10.0 9.8 9.6 9.4 9.2 9.0 88 86 84 82 80 78 7.6 7.4 72 7.0 6.8 66 64 62 6.0 58 56 54 52
f1 (ppm)

13C NMR (CD,CN): 1
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[Ru(Ph-tpy)(5,5 -dvbpy)(CH3CN)] [PF¢] 2, 2: In a 25-mL round-bottom flask, Ru(Ph-
tpy)(5,5’-dvbpy)(CI)[PFs] (58.8 mg, 0.0736 mmol) was dissolved in acetonitrile (7 mL). The
solution was deaerated with argon (10 minutes). A solution of AgBF, (43 mg, 3 equivalents) in
acetonitrile (1 mL) was added to the flask. The flask was covered and heated at reflux overnight.
The solution was filtered hot over Celite. Aqueous NH4PF; (1.0 g in 15 mL H,0) was added to
the filtrate. The volume of the solution was reduced on a rotary evaporator, and the remaining
volume was cooled overnight. The mixture was filtered, and the orange precipitate washed with
water and ether before being collected (51.9 mg, 0.0547 mmol, 74%). 'H NMR (600 MHz,
CD;CN): 6 9.53-9.52 (d, 1H, J = 1.8 Hz), 8.83 (s, 2H), 8.60-8.57 (m, 3H), 8.46-8.44 (dd, 1H, J =
8.6 Hz, 2.0 Hz), 8.32-8.31 (d, 1H, J = 8.6 Hz), 8.16-8.15 (dd, 2H, J = 7.2 Hz, 1.3 Hz), 8.06-8.03
(td, 2H, J=7.8 Hz, 1.4 Hz), 7.96-7.95 (dd, 1H, J = 8.5 Hz, 1.8 Hz), 7.77-7.73 (m, 4H), 7.68-7.66
(m, 1H), 7.39-7.36 (m, 2H), 7.22 (d, 1H, J = 1.8 Hz), 7.16-7.12 (dd, 1H, J = 17.7 Hz, 11.0 Hz),
6.41-6.33 (m, 2H), 5.78-5.71 (m, 2H), 5.35-5.33 (d, 1H, J =11.1 Hz), 2.11 (s, 3H, CHs- of

CH;CN). °C {1H} NMR (150.9 MHz, CDsCN): & 159.5, 158.7, 157.3, 155.5, 154.3, 151.8,
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150.2, 139.5, 137.8, 137.6, 136.9, 134.4, 134.0, 132.9, 131.9, 131.5, 130.6, 128.8, 128.8, 126.2,
125.5,124.9, 124.3, 122.6, 121.1, 120.6, 4.6. Elemental Analysis: 2-0.5H,O: Predicted C 46.35,
H 3.26, N 8.77. Found C 46.49, H 3.32, N 8.62; HR-MS: Expected [M — 2PFs — MeCN]2+ =
619.1321, Found [M — 2PF¢ — MeCNJ*" = 619.1310, ppm diff: 1.7. E-chem: E,(Ru™") =

+0.99(2) V vs. Ag/AgNO:;, AE, =73 mV. UV-Vis: yrcr = 472 nm (e = 13,300 L mol ¢cm™).

H NMR (CD,CN): 2 M
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CHAPTER 3: STABILIZATION OF A RUTHENIUM(II) POLYPYRIDYL DYE ON
NANOCRYSTALLINE TIO; BY AN ELECTROPOLYMERIZED OVERLAYER

Reprinted with permission from Lapides, A. M.; Ashford, D. L.; Hanson, K.; Torelli, D. A.;
Templeton, J. L.; Meyer, T. J. J. Am. Chem. Soc. 2013, 135, 15450. Copyright 2013 American
Chemical Society.

3.1. Introduction

Stable surface binding of chromophores, catalysts, and chromophore-catalyst assemblies
on metal oxide surfaces is an essential element in dye-sensitized photoelectrosynthesis cells
(DSPEC:s) for solar fuel production.l'5 In a DSPEC for water oxidation, photoexcitation of a
chromophore, or dye, followed by excited-state electron injection into the conduction band of a
wide bandgap semiconductor, typically TiO, or SnO,, provides the basis for a photoanode.’
Oxidative equivalents (a.k.a. holes) produced by electron injection are subsequently transferred
to a catalyst for water oxidation. The injected electrons are transferred to a cathode for reduction
of either water to H, or CO, to carbon-containing fuels.®” The design of water oxidation DSPEC
photoanodes is particularly challenging because of the need to integrate both light absorption and
catalysis at the oxide interface. The resulting interfacial structures must be stable under
irradiation while supporting high numbers of turnovers in aqueous environments.*’

A number of strategies for binding chromophores and catalysts to metal oxide surfaces
have been reported. They include co-deposition,'”'" preformed assemblies,'>" and self-
assembled bilayers.'* These strategies are often limited by difficult synthetic procedures. The
stability of the films, critical in all applications, is limited by the nature of the link to the surface.

Although often used successfully in non-aqueous solvents, carboxylate-surface binding is
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unstable in water. Phosphonate-surface binding is far more robust but typically subject to
hydrolysis from the surface at pH 5 and above.*>"
Oxidative or reductive electropolymerization provides a potentially useful strategy for

16-21

preparing stable, multiple component films. Reductive electropolymerization of vinyl-

22- . .
d.”*? In these reactions, electrochemical

derivatized monomers is especially well develope
reduction of the vinyl-group induces radical polymerization and C—C coupling and bond
formation.”> On planar electrode surfaces, two or more redox carriers have been incorporated
into spatially-segregated co-polymeric films by sequential reductive cycling in distinct monomer
solutions, and into integrated co-polymeric films prepared by cycling in a single solution
containing multiple monomers.”>***

Despite the impressive background on planar electrodes, few reports have appeared
describing electropolymerization on nanocrystalline metal oxide films.”**’ In one notable
example, Moss et al. demonstrated reductive electropolymerization of an overlayer of
[Ru(vbpy)s]*" (vbpy = 4-vinyl-4’-methyl-2,2’-bipyridine) on [Ru(4,4’-dcbpy)(vbpy)a]*" (4,4’-
dcbpy = 2,2’-bipyridine-4,4’-dicarboxylic acid) that had been prebound to nanocrystalline TiO,
(nanoTi0,). Significant increases in thermal stability for the surface-bound complex were
observed even in basic media with no loss of chromophore over a three week period under
conditions where the unprotected surface-bound complex underwent complete desorption in
minutes.*® The photostability and photophysical properties of the resulting overlayer structures
were relatively unexplored.’

The electropolymerized overlayer approach to surface assembly stabilization is

promising. We report here the synthesis and characterization, including photostability and

photophysical measurements, on multicomponent films on mesoporous nanoTiO; prepared by
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reductive overlayer electropolymerization. The films were prepared by first derivatizing
mesoporous nanoTiO, with [Ru(5,5’-divinyl-2,2’-bipyridine),(4,4’-dpbpy)]*” (RuPdvb in
Figure 3.1a, 4,4’-dpbpy = [2,2’-bipyridine]-4,4’-diylbis(phosphonic acid)) followed by reductive
electropolymerization of [Fe(4’-vinyl-2,2’:6”:2”-terpyridine),]*" ([Fe(v-tpy)2]*" in Figure 3.1a)
to generate an electropolymerized overlayer. A scheme illustrating the formation of the

nanoTiOa-RuPdvb-poly-[Fe(v-tpy),]*" overlayer structure is shown in Figure 3.1b.

Ho . O N N
P N |

HOT T /\N / N AR

= N/RT\N’ R
HO:P ~ N ‘
HO "¢ | X

R Y

RuP, R=H
RuPdmb, R=CH, [Fe(v-tpy),]>*

RuPdvb, R = CH=CH,

Fe(ll)

Fe(ll)

Reductive
Electrochemistry

Fe(ll)

Figure 3.1. (a) Structures of RuP, RuPdmb, RuPdvb, and [Fe(v-tpy),]*". (b) Schematic
diagram of the surface structure following reductive electropolymerization of [Fe(v-tpy),]*" on
nanoTiO,|-RuPdvb.
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3.2. Results and Discussion
3.2.1. Monomer Synthesis and Characterization

The structures of the complexes investigated in this study are shown in Figure 3.1a. They
were synthesized as chloride (Ru" complexes) and hexafluorophosphate ([Fe(v-tpy),]*) salts.
[Fe(v-tpy),]°" and RuP were synthesized by previously reported procedures.”~' RuPdvb and
RuPdmb were synthesized by literature procedures with minor modification.”’ The starting
complex, Ru(5,5’-(R),-bpy).Cl (R = CH; or CH=CH,) was synthesized by heating [Ru(1,4-
cyclooctadiene)Cl,], and the bipyridine precursors in o-dichlorobenzene to 160 °C. The
dichloride complexes were subsequently reacted with one equivalent of tetraethyl [2,2°-
bipyridine]-4,4’-diylbis(phosphonate) in a microwave reactor. The ethyl esters were then
hydrolyzed using bromotrimethylsilane in anhydrous acetonitrile to give the unprotected
phosphonic acids. RuPdvb and RuPdmb were isolated as their chloride salts in 86% and 80%
yield, respectively.

RuPdvb contains one phosphonated bipyridine ligand for binding to metal oxide surfaces
and two bipyridine ligands with vinyl groups in the 5,5’ positions for electropolymerization.
[Fe(v-tpy).]°" was selected as the monomer precursor for the polymer overlayer because of its
readily discernible photophysical and electrochemical properties compared to RuPdvb.
Following electropolymerization the vinyl groups of RuPdvb are converted by C—C coupling
into saturated alkyl substituents.> Alkyl-substituted RuPdmb (R = CH; in Figure 3.1a) was
used as a model for the surface bound chromophore following electropolymerization. RuP was
used as the benchmark chromophore for transient absorption and photostability experiments
because its properties are well understood.®”

In aqueous solutions, the absorption spectra for RuP, RuPdvb and RuPdmb all feature

characteristic, intense m—n* absorptions below 350 nm and lower energy metal-to-ligand charge-
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transfer (MLCT) absorptions from 400 to 500 nm (Table 3.1, Figure 3.2). The slight blue-shift
in absorption for RuPdvb and red-shift in absorption for RuPdmb relative to RuP is due to
stabilization/destabilization effects in the dn’n* MLCT excited states by the electron-
withdrawing vinyl and -donating methyl groups, respectively. [Fe(v-tpy),]*" has an MLCT

absorption band maximum at 565 nm (¢ = 15,500 M em™, Figure 3.2).

Table 3.1. Photophysical and Surface Binding Parameters for RuP, RuPdvb, RuPdmb, and
[Fe(v-tpy),]*" in Solution and on Metal Oxide Films.

Com lex MLCT: >\fmax (nm) 1—‘max Kad
P (e, M cm™)" (mol cm?) M
RuP 458 (12,700) 8.5x10® 3.9 x 10*
RuPdvb 476 (13,300) 6.7 x 10 2.2 x 10
RuPdmb 453 (13,500) 52x10® 5.2 x 10
[Fe(v-tpy)2]*" 565 (15,500) - -
aIl’l Hzo.
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Figure 3.2. UV-visible absorption spectra of RuP, RuPdvb, RuPdmb, and [Fe(v-tpy),]*" in

H,O0.

Table 3.2. Photophysical and Electrochemical Parameters for RuP, RuPdvb, RuPdmb, and

[Fe(v-tpy).]*" on Metal Oxide Films.

p (V vs. Ag/AgNO3)°  (V vs. NHE) (V) (V vs. NHE)
RuP 1.02 1.28 2.04 -0.76
RuPdvb 1.12 1.34 2.02 -0.68
RuPdmb 0.94 1.22 2.06 -0.84
[Fe(v-tpy)2]*" 0.79 (Fe"™ - d -

“In 0.1 M [TBA]PF¢/CH;CN; planar FTO working, Pt counter, and Ag/AgNO; (-0.09 V vs.
Fc” ) reference electrodes. ’In aqueous 0.1 M HCIO4, nanoTiO, working, Pt counter, and
Ag/AgCl (0.198 V vs. NHE) reference electrodes. “AGgs from spectral fitting of emission on
ZrO; in aqueous 0.1 M HCIO.. “Emission was not observed. ‘%' (Ru™™) = E,,(Ru™") — AGgs.
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3.2.2. Surface Loading

Adsorption isotherms were measured by immersing nanoTiO, films (~7 pm thickness) in
10 mL solutions of 10, 20, 50, 100, 150, and 200 uM RuP, RuPdvb, and RuPdmb in methanol.
Adsorption isotherms (Figure 3.3) were analyzed by the Langmuir isotherm model Equation
3.1; details in Experimental).’* Adsorption constants (K,q) and maximum surface coverages

(I'max) were similar for all three complexes; the results are summarized in Table 3.1.

8x1081— b) 6x10-8
6x10% .
N T 4x10°
E E
2 4x10; 2
[e] [s] = a
£ K= 3.9x10° £ ox10® Koq=22x 10
~ 2x10°° T'ge = 8.5x 107 : . [ oy = 6.7 x 102
0 07
0.0 5.0x10® 1.0x10™ 1.5x10™ 2.0x10™ 0.0 5.0x10° 1.0x10“ 1.5x10 2.0x10
Concentration (M) Concentration
C) 6x10°
Y L]
T a0
S 4x10
acg K = 1.7 x 10°
=) 2x10° [y = 5.2 10°%
0-

0.0 5.0x10% 1.0x10* 1.5x10* 2.0x10*
Concentration (M)

Figure 3.3. Adsorption isotherm for a) RuP, b) RuPdvb, and ¢) RuPdmb on nanoTiO; (~7 um)

loaded from 10, 20, 50, 100, 150, 200 mM solutions in methanol. The black lines are the best fits
to the Langmuir isotherm equation.
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Equation 3.1

Fr=rT Kad[X]
M1 + K 4lX]

3.2.3. Surface Characterization

The electrochemical properties of RuP, RuPdvb, and RuPdmb on nanoTiO, were
examined by cyclic voltammetry (CV) and square-wave voltammetry (SWV) in CH3;CN (0.1 M
[TBA]PF; electrolyte) and in aqueous 0.1 M HCIO4. The values are reported in Table 3.2. All
complexes exhibit reversible Ru™" couples with Ey, values of 1.28, 1.34, and 1.22 V (vs. NHE
in aqueous 0.1 M HCIOy) for RuP, RuPdvb, and RuPdmb, respectively (Figure 3.4). Similar to
the trends observed in absorption and emission spectra, the positive and negative shifts in £, for
RuPdvb and RuPdmb, relative to RuP, can be attributed to the electron-withdrawing vinyl and

electron-donating methyl groups, respectively.
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Figure 3.4. a,c) Cyclic voltammograms and b,d) square-wave voltammograms of all three
chromophores immobilized on nanoTiO; as the working electrode, with a Pt counter electrode,
and a Ag/AgCl or Ag/AgNOs reference electrode in a,b) aqueous 0.1 M HCIO4 and c,d) in
CH;CN (0.1 M [TBA]PFg).

Emission spectra for RuP, RuPdvb, and RuPdmb on nanoZrO, in aqueous 0.1 M
HCIO,4 were obtained (Figure 3.5). The trends in emission parallel those observed for
absorption. The emission spectra were analyzed by application of a one-mode Franck-Condon

analysis with the procedure described elsewhere.***~*

The free energy content of the thermally
equilibrated "MLCT excited states (AGgs) are given in Table 3.2 with the remaining spectral
fitting parameters reported in Table 3.3. Excited-state reduction potentials for the couples, Ru'""
+e —»Ru" (E°’(RuIH/ H*)), were calculated from E°'(Ru™™") = £ ,(Ru"™") — AGgs. Based on

these values, all three complexes are sufficiently reducing (—0.68 to —0.84 V) to inject into the

conduction band of TiO, (approximately —0.5 V vs. NHE) in aqueous pH 1 HC10,.”
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Figure 3.5. Emission spectra of RuP, RuPdvb, and RuPdmb on nanoZrO, in Ar-deaerated
aqueous 0.1 M HCIOy4 at room temperature (Excitation at 450 nm).

Table 3.3. Emission spectral fitting parameters for the MLCT excited states of RuP, RuPdvb,
and RuPdmb on nanoZrO, in 0.1 M HCIO4 aqueous solution.

Sample Eo (cm™) Avip (cm™) Aoy (cm™) Sm AGEs”
RuP 15,200 1,720 1,250 1.03 16,500
RuPdvb 15,100 1,650 1,250 1.09 16,300
RuPdmb 15,400 1,680 1,250 1.08 16,600

“AGgs = Eo + (Avi)"/(16ksTIn(2)), where kg is Boltzmann’s constant and 7 is the temperature
(25 °C).

3.2.4. Polymerization of [Fe(v-tpy);]** on FTO

It has previously been demonstrated that [Fe(v-tpy),]*" will undergo reductive

electropolymerization on planar electrodes if the applied potential is more negative than the first
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v-tpy-based reduction potential (approximately —1.5 V vs. Ag/AgNO;).>° As a control
experiment, we initially investigated the electropolymerization of [Fe(v-tpy)2]*" on a planar
fluoride-doped tin oxide (FTO) slide. In these experiments FTO was used as the working
electrode, platinum as the counter electrode and Ag/AgNOs as the reference electrode with
[Fe(v-tpy),]*" in dry acetonitrile and 0.1 M [TBA]PFs as the electrolyte. The surface coverage (I
in mol cm™) of redox active complex was calculated by using Equation 3.2 where Q is the

1I/11

integrated current under the Fe™ redox couple, F'is Faraday’s constant (96,485 C), n is the

number of electrons transferred (n = 1), and A4 is the area of the electrode (~1 cm?).

Equation 3.2

Q
= —
nkA

The applied potential was cycled from 0 to —1.8 V (vs. Ag/AgNOs3), and FTO surface
coverage was monitored as a function of both scan rate (50, 100, and 200 mV s ') and [Fe(v-
tpy)2]>" concentration (0.5, 1.0, and 2.0 mM). Surface coverage was found to increase linearly as
scan rate decreased or as the [Fe(v-tpy)2]° concentration was increased (not shown).

3.2.5. Polymerization of [Fe(v-tpy)]** on nanoTiO,

Under sufficiently reducing potentials (more negative than —0.5 V vs. NHE at pH = 1)*
nanoTiO; can readily transport electrons from the FTO electrode, through the metal oxide film,
to the nanoTiO,/electrolyte interface providing a basis for reductive electropolymerization of
[Fe(v-tpy)z]2+. The high effective surface area of nanoTiO; allows for monitoring the surface

coverage of poly-[Fe(v-tpy)2]*" (€565 nm = 15,500 M cm ') by UV-visible absorption
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measurements. Absorption changes during an electropolymerization on a nanoTiO; film cycled

from 0 to —1.8 V vs. Ag/AgNOj are shown in Figure 3.6.
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Figure 3.6. Changes in UV-visible absorption spectra for nanoTiO, (dry slide) as the number of

reductive cycles from 0 to —1.8 V (vs. Ag/AgNOs) is increased (0, 10, 20, 30, 40, 50, 70, 100,

150, 200, and 300; red to black) in an acetonitrile solution of 0.5 mM [Fe(v-tpy)2]*" (0.1 M

[TBA]PF; electrolyte); Pt counter electrode, and Ag/AgNO; reference electrode. Inset: Surface
2+ .
coverage of poly-[Fe(v-tpy):]” versus the number of reductive cycles.

For the first 70 cycles the surface coverage of poly-[Fe(v-tpy)2]*" increases linearly with
the number of cycles (inset, Figure 3.6) and continues to increase, albeit at a slower rate, from
70 to 150 cycles. Further polymerization was minimal after 150 cycles. At 70 cycles, a single
monolayer of poly-[Fe(v-tpy)2]>” was deposited on the nanoTiO; surface (~7 x 10°* mol cm™?) as

determined by UV-visible absorption measurements. The decreased deposition rate for [Fe(v-
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tpy)2]*" from 70 to 150 cycles may be due to a decrease in the rate of electron transfer from
nanoTiO; to [Fe(v-tpy)2]>" or a decrease in the available volume within the internal voids of the
nanostructured films. In any case, electropolymerization is hindered after the deposition of
approximately two monolayers (150 cycles), Figure 3.6, inset.

No change in absorption was observed for a nanoTiO; electrode cycled in [Fe(v-tpy)2]*
solution from 0 V to —1.0 V (vs. Ag/AgNO3). This potential range is more positive than that
required for reductive electropolymerization, and this result shows that physical adsorption of
[Fe(v-tpy)2]*" to nanoTiO, prior to electropolymerization does not occur.

3.2.6. Polymerization of [Fe(v-tpy):]*" on nanoTiO|-RuPdvb

Electropolymerized films of nanoTiOa|-RuPdvb-poly-[Fe(v-tpy),]*" were prepared by
first derivatizing TiO;, with a monolayer of RuPdvb (nanoTiO,|-RuPdvb) by loading from
methanol. The nanoTiO,|-RuPdvb film was then used as the working electrode during reductive
cycling in an acetonitrile solution of 0.5 mM [Fe(v-tpy)2]2+ (0.1 M [TBA]PF; electrolyte). The
changes in the UV-visible absorption spectra of nanoTiO,|-RuPdvb with increasing number of

reductive cycles from 0 to —1.8 V (vs. Ag/AgNQOs) are shown in Figure 3.7.
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Figure 3.7. (a) Changes in UV-visible absorption spectra for nanoTiO,|-RuPdvb (dry slide) with
an increase in the number of reductive scan cycles from 0 to —1.8 V (vs. Ag/AgNOs) in an
acetonitrile solution 0.5 mM in [Fe(v-tpy).]*" (0.1 M [TBA]PF; electrolyte); Pt counter
electrode, and Ag/AgNOs reference electrode. (b) Surface coverage of poly-[Fe(v-tpy).]*" versus
the number of scan cycles.

UV-visible absorption spectra of the polymerized films showed that the MLCT band for
RuPdvb did not diminish in intensity following reductive polymerization of [Fe(v-tpy),]*"
(Figure 3.7a). As with non-derivatized nanoTiO; (see above) the surface coverage of poly-
[Fe(v-tpy),]*" increases approximately linearly from 0 to 70 cycles, slows from 70 to 150 cycles,
then remains constant above 150 cycles (Figure 3.7b). The surface coverage of poly-[Fe(v-
tpy)2]>" on nanoTiO,-RuPdvb after 70 and 150 cycles corresponds to approximately one and
two monolayers, respectively.

A blue-shift (~9 nm) in the MLCT band for RuPdvb was observed after the first 10
cycles of electropolymerization (Figure 3.7a). A similar blue-shift (Figure 3.8) is also observed
for nanoTiO,|-RuPdvb after reductive cycling in 0.5 mM p-divinylbenezene (absorption <350
nm) showing that the shift in Ru"-based absorption in nanoTiO,|-RuPdvb-poly-[Fe(v-tpy),]*" is

not due to [Fe(v-tpy)2]>". The absorption spectrum of nanoTiO,|-RuPdvb after
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electropolymerization closely resembles that of nanoTiO,|-RuPdmb, suggesting that the shift is
due to conversion of the electron-withdrawing vinyl groups in RuPdvb to saturated alkane

groups formed during the polymerization process.”
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Figure 3.8. UV-visible absorption spectra of nanoTiO,|-RuPdvb before (red) and after (blue) 10
cycles from 0 to —1.8 V (vs. Ag/AgNOQO3) in an acetonitrile solution of 0.5 mM p-divinylbenezene
(0.1 M [TBA]PF; electrolyte); Pt counter electrode, and Ag/AgNOs reference electrode.

The electrochemical properties of nanoTiO,|-RuPdvb were monitored before and after
reductive polymerization by cyclic voltammetry. Oxidative scans from 0 to 1.5 V (vs.
Ag/AgNOs) in CH3CN (0.1 M [TBA]PFs) following successive reductive cycles from 0 to —1.8
V (vs. Ag/AgNO:s) are shown in Figure 3.9. TiO, is a wide bandgap semiconductor with Ey, =
2.8 V at pH = 7, and Ru" oxidation to Ru"" on the surface is initiated by electron transfer at the

I

FTO interface followed by cross-TiO, surface Ru" — Ru'" electron transfer hopping with

. . . . 353
associated counter-ion diffusion.*>’
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Figure 3.9. Cyclic voltammograms for nanoTiO,|-RuPdvb from 0 to 1.5 V (vs. Ag/AgNOs3) in
acetonitrile (0.1 M [TBA]PF electrolyte) after successive reductive scan cycles (v =100 mV s™)
in an acetonitrile solution 0.5 mM in [Fe(v-tpy)2]*" (0.1 M [TBA]PF; electrolyte); Pt counter
electrode, and Ag/AgNOs reference electrode.

Before overlayer electrodeposition, E1,(Ru™") appeared at 1.16 V (vs. Ag/AgNO3).

/1
" couple decreased

Upon electropolymerization of the overlayer, the peak current for the Ru
and the peak-to-peak splitting increased. Past ~50 cycles from 0 to 1.5 V (vs. Ag/AgNO3) at 50
mV s, the couple is no longer observed. Nonetheless, after 50 cycles the MLCT absorption
band for RuPdvb is relatively unchanged in UV-visible absorption spectra (Figure 3.7a),
indicating that it is still on the surface. A likely explanation for the decrease and ultimate loss in

/1L

current for the Ru"""" wave is a blocking effect by the growing poly-[Fe(v-tpy),]>" overlayer film

which inhibits diffusion of counter-ions to the Ru" sites on the surface. The lack of counter-ion
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I

diffusion, and thus charge balance, for oxidation of Ru" to Ru"" potentially inhibits cross-surface

electron transfer.

i ouple, due to poly-[Fe(V-tp}’)z]2+, is

After polymerization, a new reversible Fe
observed at E1, = 0.85 V (vs. Ag/AgNO3). The integrated current for the Fe"™" wave increases

with each successive reductive cycle.

3.2.7. Morphology Characterization

The morphology and composition of the nanoTiO,|-RuPdvb-poly-[Fe(v-tpy)]*" films
were examined by scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS). SEM images of nanoTiO,|-RuPdvb following 50 and 300 cycles of
reductive polymerization can be seen in Figure 3.10. The SEM image of nanoTiO,|-RuPdvb-
poly-[Fe(v-tpy),]*" after 50 reductive cycles resembles that of nanoTiO,|-RuPdvb in that the
porosity of the nanoTiO, is retained after polymerization (Figure 3.10a and Figure 3.10c). In
contrast, after 300 reductive cycles, the porosity of the film is reduced and a film of poly-[Fe(v-
tpy)2]>" has formed on top of the mesoporous nanoTiO, film (Figure 3.10b and Figure 3.10d).
Presumably, as noted above, the surface layer inhibits both substrate and electrolyte diffusion

/11

into the film, with the latter resulting in the decrease in current for the Ru™ " couple.
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Figure 3.10. Cross-sectional (A and B) and surface (C and D) SEM images of the nanoTiO,|-
RuPdvb film following 50 (A and C) and 300 (B and D) reductive scan cycles (v= 100 mV s™)
in an acetonitrile solution containing 0.5 mM in [Fe(v-tpy)2]>" (0.1 M [TBA]PF; electrolyte).

EDS was used to determine the concentrations of ruthenium and iron at different depths
within the nanoTiO, films. The results are summarized in Table 3.4. The EDS data for
nanoTiOa-RuPdvb-poly-[Fe(v-tpy),]*" films prepared from 50 and 300 reductive cycles both
reveal inhomogeneities throughout the mesoporous structure and a gradient in ruthenium
complex content as well. The concentration of surface-bound Ru" complex is highest at the

TiOx/solution interface decreasing with depth toward the FTO surface. This result is consistent
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with those of O’Regan et al., which demonstrated that standard dye loading procedures on
nanoTiO; do not uniformly coat the films, but instead result in greater dye loading near the

38
surface.

Table 3.4. The Atomic % and Ru:Fe Ratios at the Top, Middle, and Bottom of nanoTiO,|-
RuPdvb Films After 50 and 300 Reductive Cycles (v =100 mV s™') in an Acetonitrile Solution
Containing 0.5 mM in [Fe(v-tpy)2]*" (0.1 M [TBA]PF; Electrolyte).

Sample Ru (Atomic %) Fe (Atomic %) Ru:Fe

50 cycles (top) 1.54 1.05 1:0.7
50 cycles (middle) 1.31 0.62 1:0.5
50 cycles (bottom) 0.88 0.43 1:0.5
300 cycles (top) 0.50 1.20 1:2.4
300 cycles (middle) 0.51 0.75 1:1.5
300 cycles (bottom) 0.43 0.60 1:1.4

The EDS results also show that the Fe:Ru ratio is higher at the TiO,/solution interface
(top) compared to the interior of the film. This result suggests that electropolymerization of
[Fe(v-tpy)2]*" occurs rapidly at the TiO,/solution interface but is limited by diffusion of [Fe(v-
tpy)2]*" into the mesoporous nanoTiO, network. As a result the Fe:Ru ratios determined by UV-
visible absorption measurements represent averages of actual ratios throughout the
inhomogeneously loaded films. The Ru:Fe ratios in nanoTiO,|-RuPdvb-poly-[Fe(v-tpy),]*" after
50 and 300 cycles, as determined by UV-visible absorption measurements, were 1:1 and 1:1.7,
respectively. A film with a more uniform ratio of Fe:Ru was prepared by soaking a nanoTiO,|-
RuPdvb slide in a [Fe(v-tpy),]** solution (0.5 mM in 0.1 M [TBA]PFs/CH;CN) overnight,

stirring the solution during the electropolymerization process, and pausing 60 s between each
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electropolymerization cycle. This suggests that diffusion of [Fe(v-tpy)2]** through the
mesoporous nanoTiO; is a significant factor when controlling the distribution of the ratio of
bound dye to electropolymer overlayer in the formation of these films.

3.2.8. Photostability

The photostabilities of nanoTiO,|-RuPdvb-poly-[Fe(v-tpy)2]*" relative to RuP and
RuPdvb on nanoTiO, were evaluated by a previously published procedure with constant
irradiation at 455 nm (fwhm ~30 nm, 475 mW cm™, ~135 suns at 455 nm).>’ Absorption spectra
(360800 nm) of the films were obtained every 15 minutes during 16 hours of irradiation.
Results for nanoTiO,|-RuPdvb with ~2 monolayers of poly-[Fe(v-tpy),]*" (150 cycles) in
aqueous 0.1 M HCIOy4 (pH 1) are shown in Figure 3.11. The time-dependent changes in
absorption at 480 nm were fit with the biexponential function in Equation 3.3 and are presented
as a single average rate constant (kqes) calculated as the inverse of the weighted average lifetime
(kges = <0 ") for the time-dependent absorption changes, Equation 3.4. The results are

summarized in Table 3.5 and Table 3.6.

Equation 3.3

kObS = Ale_klt + Aze_kzt

Equation 3.4

1 YAt}
= (T) =
kdes ZiAi T;
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Figure 3.11. Changes in the absorption spectrum of nanoTiO2-RuPdvb-poly-[Fe(v-tpy),]*"
(150 cycles, 1:1.8 Ru:Fe) in aqueous 0.1 M HCIO4 under constant 455 nm irradiation (475 mW
cm™?) from 0 (red) to 16 hours (black) recorded every 15 minutes. Inset: Desorption rate constant
(kqes) as a function of the number of reductive cycles.
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Table 3.5. Summary of Desorption Rate Constants (kq4es) in Aqueous 0.1 M HCIO4 for RuP,
RuPdvb, and RuPdmb on nanoTiO, and nanoTiO,|-RuPdvb Films after 10, 30, 70, and 150
Reductive Cycles in [Fe(v-tpy)2]*" Solution.

Sample Ru:Fe kaes (X 107 57

RuP 1:0 4.8
RuPdmb 1:0 5.6
RuPdvb 1:0 59
RuPdvb + 10 cycles 1:0.2 1.9
RuPdvb + 30 cycles 1:0.5 1.8
RuPdvb + 70 cycles 1:0.9 1.1
RuPdvb + 150 cycles 1:1.8 0.6

Table 3.6. Summary of Desorption Rate Constants (kqes) for nanoTiO,|-RuP, nanoTiO,|-RuP
Stabilized by ~3.3 A of AL,O3, and nanoTiO,|-RuPdvb-poly-[Fe(v-tpy)2]*" Films (150 cycles,
1:1.8 Ru:Fe) under Various Conditions.

kaes (< 107 s

Solvent #anoTiOy-RuP nanoTiOy-RuP + 3.3 nanoTiO,-RuPdvb-
2 A of AL,O; poly-[Fe(v-tpy)]*'
pH 1° 4.8 - 0.6
pH 5” >20 2.3 1.3
H,0 >30) 3.2 0.9
pH 7¢ - 9.5 55
CH;CN? 0.8 <0.01 0.07

“In 0.1 M HCIO4. "In 10 pM HCIO4. “In 0.1 M Na;PO, buffer. “In 0.1 M LiClO,.
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Desorption rate constants for the unprotected surface-bound chromophores increase
slightly in the order RuP (4.8 x 10~ s), RuPdvb (5.6 x 10° s '), and RuPdmb (5.8 x 10°s™").
All three complexes share a similar surface binding motif based on the 4,4’-dpbpy ligand, and
the slight differences in kqes are presumably due to the differences in surface packing and
morphology/local structure.

The photochemical desorption rate constants for nanoTiO|-RuPdvb in aqueous 0.1 M
HCIO, as a function of Ru:Fe ratios are summarized in Table 3.5 and shown in Figure 3.12.
With 10 reductive cycles, 1:0.2 (Ru:Fe), kqes is three times slower than for unprotected
nanoTiO,|-RuPdmb or RuPdvb. From 10 cycles (1:0.2 Ru:Fe) to 150 cycles, 1:1.8 (Ru:Fe),
there was an approximately linear decrease in kges from 4.8 x 10° s t0 0.6 x 10 s~ (inset,
Figure 3.11). The desorption rate constant was similar from 400 to 600 nm, showing that
desorption from the surface, and not photodecomposition of RuPdvb or [Fe(v-tpy),]*", is

occurring.
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Figure 3.12. Changes in the absorption spectrum of nanoTiO,|-RuPdvb in aqueous 0.1 M
HC1O,4 under constant 455 nm irradiation (475 mW cm™) after (a) 10, (b) 30, (c) 70, and (d) 150
reductive cycles in an acetonitrile solution containing 0.5 mM [Fe(v-tpy)2]*". Spectra are shown
from t = 0 (black) to t = 16 hours (green) with traces every 15 minutes.

The mechanism of photoinduced chromophore desorption from the metal oxide surface is

not fully understood, but mechanisms have been proposed.’ Increased stability after

polymerization may arise from a number of factors including: (1) increased steric bulk provided

by the polymer, which inhibits hydroxide/water attack at the phosphonate groups on the surface;

(2) cross-linking of the film, which mechanically prevents desorption of individual

chromophores; and (3) the newly formed hydrophobic alkyl linkers, which reduce the solubility

74



of the film in the external aqueous medium. Similar factors have been suggested for dye-
sensitized solar cells that have been stabilized by cross-linking polymerization.”

It is also important to note that under irradiation a photostationary state exists that is
dictated by photoexcitation, electron injection, and back electron transfer rates. For RuP,
RuPdvb, and RuPdmb on nanoTiO, under irradiation the surface-bound complex exists as

Ru™.* Conversely for nanoTiO,|-RuPdvb-poly-[Fe(v-tpy).]*” there is a ~300 mV driving force

I I

for electron transfer from poly-[Fe(v-tpy)2]°” to Ru""Pdvb, and at the steady state Fe
dominates (see below).

The desorption rate constant for the nanoTiO,|-RuPdvb-poly-[Fe(v-tpy),]* films (150
cycles, 1:1.8 Ru:Fe) was investigated in a variety of solvents, and the results are summarized in
Table 3.6 and shown in Figure 3.13. In previous experiments, the photostability of nanoTiO,|-
RuP was maximized in 0.1 M HCIO4 with kges (5.0 x 10 s7') increasing at higher pHs and in
buffered solutions.” It is notable that at pH 5 (1.3 x 10> s ™) and in H,O (0.9 x 107 s ') the
desorption rate constant for nanoTiO,-RuPdvb-poly-[Fe(v-tpy),]*" is lower than for nanoTiO,|-
RuP at pH 1 in water. Even in solutions buffered at pH 7 (0.1 M Na3PO, buffer), the

polymerized films have desorption rate constants (5.5 x 10~ s™') comparable to nanoTiO,|-RuP

in 0.1 M HCIOy. In solutions buffered at pH 7, desorption of RuP occurs with kges > 30 x 107 s~

1
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Figure 3.13. Changes in the absorption spectrum of nanoTiO,-RuPdvb-poly-[Fe(v-tpy),]*"
(150 cycles, 1:1.8 Ru:Fe) in (a) H,O, (b) pH 5 HCIO4, (c) pH 7 phosphate buffer and (d) CH;CN
with 0.1 M LiClO, under constant 455 nm irradiation (475 mW cm™). Spectra are shown from t
= 0 (black) to t = 16 hours (green) with traces every 15 minutes.

The use of the standard stability measurement protocol allows for comparison between
surface stabilization strategies. For example, we recently demonstrated that atomic layer
deposition (ALD) of Al,O3; on a nanoTiO, surface derivatized with RuP significantly increases
the stability of the surface-bound complex in water.*! A comparison of kqes for untreated
nanoTiO-RuP, nanoTiO,|-RuP stabilized by ~3.3 A of ALD Al,O3, and nanoTiO,|-RuPdvb-
poly-[Fe(v-tpy),]*" films (150 cycles, 1:1.8 Ru:Fe) is shown in Table 3.6. Under aqueous

conditions the polymerized films are almost twice as stable as the ALD films and 10 times more
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stable than the untreated films. This result suggests that reductive electropolymerization is a
viable strategy for increasing stability of surface-bound complexes under aqueous conditions.

3.2.9. Transient Absorption

Interfacial electron transfer dynamics for nanoTiOa|-RuP, nanoTiO,|-poly-[Fe(v-tpy).]*,
and nanoTiO,-RuPdvb with 10, 30, 70, and 150 cycles of poly-[Fe(v-tpy),]*" overlayer were
investigated by nanosecond transient absorption measurements in aqueous 0.1 M HClOy. It has
previously been demonstrated that photoexcitation of phosphonate-derivatized ruthenium
polypyridyl complexes on nanoTiO,, Equation 3.5, is followed by efficient electron injection
into the conduction band of TiO,, Equation 3.6, with ®@;,; = 100% for nanoTiO,|-RuP at pH 1.5
The electron injection process is accompanied by a bleach of the MLCT absorption features from
400 to 520 nm.

For nanoTiOy|-poly-[Fe(v-tpy)2]*" (70 cycles, ~1 monolayer), a negligible transient
absorption response (<10 mOD at 580 nm) was observed upon photoexcitation at 450 nm
(Figure 3.14). The relatively small transient absorption amplitude suggests that the injection
yield for excited poly-[Fe(v-tpy),]*" on nanoTiO, is <1%, consistent with the known
photophysics of related complexes in solution. As shown by McCusker, MLCT excitation is

followed by rapid interconversion to low-lying dd states and rapid nonradiative decay.*
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Figure 3.14. Absorption-time trace for nanoTiOx|-poly-[Fe(v-tpy)2]*" (70 cycles) in Ar-

deaerated 0.1 M HClO4 aqueous solution measured at 580 nm. (Excitation at 450 nm, 5.0 mJ
-1

pulse™).

Equation 3.5

TiO,-Ru" + hv — TiO,-Ru""

Equation 3.6

TiO,-Ru™ — TiO,(e")|-Ru™

Time-resolved absorption difference spectra for RuPdvb with 10, 30, 70, and 150 cycles
of poly-[Fe(v-tpy),]>" following photoexcitation at 425 nm were constructed from multiple
single-wavelength measurements from 440 to 640 nm, acquired every 10 nm. The results are

shown in Figure 3.15.
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Figure 3.15. Time-resolved absorption difference spectra from for nanoTiO,|-RuPdvb with (a)
10, (b) 30, (c) 70 and (d) 150 cycles of [Fe(v-tpy),]*" in Ar-deaerated aqueous 0.1 M HCIO,.
(Excitation at 425 nm, 5.0 mJ pulse™).

In the difference spectra for nanoTiO,|-RuPdvb-poly-[Fe(v-tpy)]*” (1:0.5 Ru:Fe) in
Figure 3.15b, there is evidence for electron injection because there is a loss in the MLCT
absorbance for Ru" from 450 to 520 nm and Fe" from 520 to 640 nm. Following the laser flash,
the bleach feature for Ru" decreases more rapidly than the bleach feature for Fe'.

The time-dependent absorption changes appear to arise from competing electron transfer
events following photoexcitation (Equation 3.7) and quenching of TiO»-Ru'* (Equation 3.8).

They include back electron transfer from TiOy(e") to Ru™ (Equation 3.9),
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interassembly/interlayer electron transfer from Fe'' to Ru'™"

(Equation 3.10), and back electron
transfer (BET) from TiOa(¢") to Fe'" (Equation 3.11). In these reactions, RuPdvb and poly-
q

[Fe(v-tpy)2]*" are represented by Ru" and Fe", respectively, and injection by Fe'” is neglected

because it is negligible (Figure 3.14).

Equation 3.7

TiO,-Ru"-Fe" + hv — TiO,-Ru'"-Fe"

Equation 3.8

TiO,-Ru'"-Fe" — TiO,(¢")|-Ru'-Fe"

Equation 3.9

TiOs(e)|-Ru™-Fe" — TiO,-Ru""-Fe""

Equation 3.10

TiOa(e)|-Ru™-Fe" — TiOs(¢)|- Ru"-Fe™

Equation 3.11

TiOs(¢)|-Ru"-Fe — TiO,-Ru""-Fe""

The spectral changes over time suggest that electron transfer from Fe' to Ru'

(Equation
3.10) occurs on a time scale of hundreds of nanoseconds. Quantitation is difficult in part because,

as noted above, the nanoTiO,-RuPdvb-poly-[Fe(v-tpy),]*" overlayer structures are

inhomogenous in composition with depth in the film. Transient absorption spectral changes
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include electron transfer events between localized regions with different Ru':Fe" ratios. There is

" electron transfer (Equation 3.10) and

also kinetic overlap between intra-assembly Fe'' — Ru
back electron transfer from TiO,(e") to Ru"" (Equation 3.9) and Fe'' (Equation 3.11). For RuP
on TiO, back electron transfer extends from the nanosecond to millisecond time scales,8 and as
found for other dynamic processes at nanocrystalline metal oxide interfaces, the kinetics are
nonexponential and highly complex.***

The spectral changes for oxidation/reduction of poly-[Fe(v-tpy),]*" can be differentiated
from those arising from Ru"""" by measuring the relative electron injection yield and back
electron transfer dynamics at 580 nm. This wavelength is the ground state/oxidized state
isosbestic point for RuPdmb, the optical model for RuPdvb after polymerization. Absorption—
time kinetic traces at 580 nm following 450 nm excitation are shown in Figure 3.16. The data
were fit over the first ~10 ps using the triexponential function in Equation 3.12. Weighted

average lifetime values, <1, calculated by use of Equation 3.13 and Equation 3.14, are

summarized in Table 3.7.

Equation 3.12

3
A= z Aie_kit
1

Equation 3.13
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Equation 3.14
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Figure 3.16. Absorption-time traces for nanoTiOs|-RuPdvb-poly-[Fe(v-tpy),]*" with various
ratios of Ru to Fe in Ar-deaerated 0.1 M HCIO4 aqueous solutions monitored at 580 nm (450 nm
excitation, 5.0 mJ pulse™).
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Table 3.7. Net Electron Injection Yields (Based on the Appearance of Fe'"), Average Back
Electron Transfer Lifetimes, and kggr from Transient Absorption Measurements on nanoTiOo|-
RuPdvb-poly-[Fe(v-tpy),]*" as a Function of Ru:Fe Ratio in 0.1 M HCIO4 with nanoTiO,|-RuP
as a Reference”.

Lifetime (us) k
Ru:Fe q)injb (>< II(B)ETS-I)
hH (Al) 153 (Az) 13 (A3) T
1:0.2 0.15 0.20(1) 1.6(6) 16.5(94) 16.4 6.1
1:0.5 0.35 0.25(1) 1.8(4) 18.5(96) 18.4 5.4
1:0.9 0.30 0.23(1) 1.6(5) 18.2(95) 18.1 5.5
1:1.8 0.20 0.23(1) 1.6(5) 21.3(95) 212 47
RuP* 1.00 0.01(2) 0.8(9) 10.7(89) 10.6 9.4

“Excitation at 450 nm, probed at 580 nm. PAe for Fe at 580 nm is —1 1,200, for RuP at 400 nm is
-6,500. “Monitored at 400 nm.

In Figure 3.16, a bleach feature is present at 580 nm at the earliest observation of ~20
ns. Given the lack of direct injection by Fe'"", this feature is a marker for Ru'" injection

I electron transfer. Based on these

(Equation 3.8) followed by partial intra-assembly Fe" — Ru
data there is a rapid electron transfer component occurring in less than 20 ns (Equation 3.10).
The bleach feature for Ru", Figure 3.15, is still present at >20 ns, which shows that another
fraction of Ru"" sites produced by electron injection undergo relatively slow Fe" — Ru™
(Equation 3.10) electron transfer or return to Ru" by back electron transfer from TiOx(e"),
Equation 3.9.

Return of the bleach to the baseline by TiO,(e") — Fe'" back electron transfer, Equation
3.11, is ~60% complete by 9 us. As can be seen in Figure 3.16 and Table 3.7, there is a slight

trend toward slower back electron transfer as the Ru:Fe ratio is increased from 1:0.2 (kggr = 6.1

x10* s ") to 1:1.8 (kger = 4.7 x 10* s 7).
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Relative electron injection efficiencies (®inj) for nanoTiO,|-RuPdvb-poly-[F e(v-tpy)a]”
were estimated by using thin film actinometry with nanoTiO,|-RuP (®i,; = 1.0) as the
reference.®” Amplitude changes were evaluated 10 ns following 450 nm laser excitation with
injection yields calculated by using Equation 3.15 (see Experimental) with Ae =—6,500 M™' cm’
"at 400 nm for RuP and Ae =—11,200 M"' cm™ at 580 nm for poly-[Fe(v-tpy)2]*". The latter
were determined by spectroelectrochemical measurements on conductive tin-doped indium oxide

nanoparticles (Figure 3.17). The results are summarized in Table 3.7.
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Figure 3.17. Spectroelectrochemistry of poly-[Fe(v-tpy),]*" on nanoITO in 0.1 M HCIO, with a
Pt counter electrode and a Ag/AgCl reference. The potential was slowly increased from 0.2 V to
1.6 V (vs. NHE) to oxidize Fe" to Fe'".

From these data, ®;,; for nanoTiOa-RuPdvb-poly-[Fe(v-tpy),]* is significantly lower
(<30%) than @;yj for nanoTiO,]-RuP (100%). Since RuPdvb is expected to have a near unity

electron injection yield in the polymerized film (®iyj(TiO2|-RuPdmb) = 100%), there is a
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significant decrease in ®j,; for nanoTiOa-RuPdvb-poly-[Fe(v-tpy),]*". It should be noted that

11 I

the reported net injection yield only accounts for Fe™, and not Ru ™, present at 20 ns after the
laser flash. Also, photons absorbed by poly-[Fe(v-tpy),]*" at 450 nm are largely lost since the
poly-[Fe(v-tpy),]*" chromophore acts as a nonproductive light absorber/filter. An additional
contributing factor may arise from the time scale of the injection measurement. Excitation—
injection events followed by back electron transfer on the <20 ns time scale are not included in
the experimental ®;,; values.

The transient absorption results demonstrate that electropolymerization can be used to
incorporate an electron donor as an overlayer on chromophores preattached to a metal oxide
surface. The electron donor facilitates directional electron transfer toward the metal oxide
surface and slows deleterious back electron transfer. We are currently investigating more
elaborate structures with non-absorbing external donors in the outer layer to prepare

chromophore-catalyst assembly structures at the interface for possible DSPEC applications.

3.3. Conclusions

We report here a successful, general strategy for synthesizing and characterizing spatially
controlled, multicomponent films on mesoporous nanoTiO;. The films were prepared by
electropolymerization of [Fe(v-tpy)2]*" on both nanoTiO, and RuPdvb-derivatized mesoporous
nanoTiO,. The Ru:Fe ratio in the overlayer structures can be controlled by the number of
reductive electrochemical scan cycles. EDS measurements reveal the films to be inhomogeneous
in depth with regard to total concentration and Ru:Fe ratio.

The photostability of the nanoTiO,|-RuPdvb-poly-[Fe(v-tpy),]*" interfacial structures is
enhanced by factors of up to 30 compared to the surface-bound complex alone. Notably, surface

stabilization is enhanced relative to an ALD overlayer strategy based on Al,O3.
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Based on the results of transient absorbance measurements on nanoTiO,|-RuPdvb-poly-
[Fe(v-tpy),]*", excitation of surface-bound Ru" is followed by electron injection and both fast

I electron transfer. These results show that the

and slow outside-to-inside Fe"' — Ru
electropolymerized overlayer structure facilitates directional electron transfer toward the metal
oxide surface and slows back electron transfer from TiO»(e"). The generality of the
electropolymerized overlayer approach for synthesis of water stable, multicomponent films is
notable and is currently being exploited to prepare interfacial structures for electrocatalysis and

DSPEC applications.
3.4. Experimental
3.4.1. Sample Preparation

Materials. [Ru(1,4-cyclooctadiene)Cly],,>"*° 5,5°-divinyl-2,2’-bipyridine,’
[Ru(bpy)2(4,4’-dpbpy)]2+ (RuP, chloride salt),”’ and [Fe(v-tpy)2][PF¢]2  were synthesized
according to previously published procedures. Distilled water was further purified by using a
Milli-Q Ultrapure water purification system. All other reagents were ACS grade and used
without further purification. Fluoride-doped tin oxide (FTO)-coated glass (Hartford Glass; sheet
resistance 15 Q cm'z) was cut into 10 mm x 40 mm strips and used as the substrate for ZrO, and
TiO, nanoparticle films. Microwave reactions were carried out using a CEM MARS microwave
reactor. A CEM HP-500 Plus Teflon-coated microwave vessel (100 mL) was used at a power
setting of 400 W. The vessel was rotated and stirred throughout the microwave procedure. The
pressure of the reaction vessel was monitored throughout the reaction, and never exceeded 300
PSI.

Metal Oxide Films. nanoTiO,* films and nanoZrO," films, typically 7 um thick (~20 nm
particle diameter), with a coating area of roughly 10 mm X 15 mm, were synthesized according

to literature procedures. Dye adsorption isotherms on nanoTiO, were obtained by soaking the
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films in methanol solutions of RuPdvb, [Ru(5,5’-dimethyl-2,2’-bipyridine)(4,4’-dpbpy)]*"
(RuPdmb), and RuP at concentrations of 10, 20, 50, 100, 150, and 200 uM. The slides were
then removed, rinsed with methanol, and dried over a stream of nitrogen.

Absorption spectra were obtained by placing the dry derivatized films perpendicular to
the detection beam path of the spectrophotometer. The expression, I' = A(A) X (g(A) X 1000,
was used to calculate surface coverages.”® Molar extinction coefficients (€) in H,O were used;
A(L) was the absorbance at the MLCT Ay.x. Maximum surface coverages (I'max) and surface
binding constants (K,q) on TiO;, for RuPdvb, RuPdmb, and RuP were obtained by use of the
Langmuir isotherm (Equation 3.1) with [X] the concentration of complex in the loading
solution.” All subsequent measurements were carried out on films loaded from methanol
solutions of 100 pM in ruthenium complex, which gave complete surface coverage (I' =8 x 10
mol cm™).
3.4.2. Synthesis

Ru(35,5 -divinyl-2,2 -bipyridine),(Cl),. This compound was synthesized according to a
literature procedure with minor modification.’' [Ru(1,4-cyclooctadiene)Cl,], (0.074 g, 0.24
mmol) and 5,5’-divinyl-2,2’-bipyridine (0.1 g, 0.5 mmol) were added to 1,2-dichlorobenzene (20
mL). The suspension was thoroughly degassed, and then heated to 160 °C for 2 hours under an
atmosphere of argon. The reaction was cooled to room temperature and ether (~60 mL) was
added. The solid was filtered, washed with ether, dried and collected. This complex was used
without further purification (0.134 g, 95%). 'H NMR (600 MHz, DMSO) & (ppm) 9.96 (s, 2H),
8.65 (d, 2H), 8.49 (d, 2H), 8.28 (d, 2H), 7.91 (d, 2H), 7.48 (s, 2H), 7.00 (dd, 2H), 6.50 (dd, 2H),
6.23 (d, 2H), 5.78 (d, 2H), 5.64 (d, 2H), 5.34 (d, 2H).

[Ru(5,5 -divinyl-2,2 -bipyridine)([2,2"-bipyridine]-4,4"-diyldiphosphonic acid)] [Cl] ,,

(RuPdvb). Ru(5,5’-divinyl-2,2’-bipyridine),(Cl), (0.075 g, 0.13mmol) and tetraethyl [2,2'-
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bipyridine]-4,4'-diylbis(phosphonate) (0.054 g, 0.13 mmol) in ethanol (~20 mL) were heated to
160 °C over 5 minutes and then heated for 20 minutes at 160 °C in a microwave reactor. The
reaction was cooled, filtered, and taken to dryness by a rotary evaporator. The solid was
triturated with ether, collected, and air-dried and used without further purification. The esterified
product (0.054 g, 0.053 mmol) was dissolved in anhydrous acetonitrile (~15 mL).
Bromotrimethylsilane (0.07 mL, 0.53 mmol) was added, and the reaction was allowed to stir at
40 °C for 3 days under an argon atmosphere. The acetonitrile was removed under vacuum,
anhydrous methanol (~15 mL) was added, and the solution was stirred at 40 °C for 30 minutes.
The methanol was removed under vacuum, and the resulting solid was triturated with acetone,
filtered, and washed with acetone. The solid was further purified by size exclusion
chromatography (Sephadex LH-20) with 1:1 methanol:water as eluent. Similar fractions (based
on UV-visible absorption spectroscopy) were combined, and the solvent was removed by rotary
evaporation. The dark-red solid was triturated with ether, filtered and dried under vacuum
(0.041g, 86%). '"H NMR (600 MHz, D,0) & (ppm) 8.75 (d, 2H), 8.43 (m, 4H), 8.16 (d, 2H), 8.12
(d, 2H), 7.93 (m, 2H), 7.62 (s, 2H), 7.61 (s, 2H), 7.55 (m, 2H), 6.50 (d, 2H), 6.46 (d, 2H), 5.82
(d, 2H), 5.77 (d, 2H), 5.42 (t, 4H). *'P NMR (D,0) 5 6.68. HR-ESI-MS (Methanol; 20% H,O
with 1% HCOOH): m/z = 417.0528%" = 834.1056, [M — 2CI']*" = 834.1059. Anal. Found (Calc.)
C39Hs5,C1aNgO14P2Ru: C 44.08 (43.99); H 4.93 (4.36); N 7.91 (7.81).

Ru(35,5 -dimethyl-2,2 -bipyridine),(Cl),. This complex was synthesized with the same
procedure as for Ru(5,5’-divinyl-2,2’-bipyridine),(Cl), but using 5,5’-dimethyl-2,2’-bipyridine
(1.19 g, 6.46 mmol). It was isolated in 93% yield (1.79 g).

[Ru(35,5 -dimethyl-2,2 -bipyridine) ([ 2,2'-bipyridine]-4,4'-diyldiphosphonic acid)][Cl],

(RuPdmb). This complex was synthesized by using the same procedure as for [Ru(5,5’-divinyl-
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2,2’-bipyridine),([2,2'-bipyridine]-4,4'-diyldiphosphonic acid)](Cl), but with Ru(5,5’-dimethyl-
2,2’-bipyridine),(Cl), (0.104 g, 0.17 mmol) as the starting material. The final product was
isolated in 80% yield (0.116 g). "H NMR (400 MHz, D,0) § (ppm) 8.70 (d, 2H), 8.33 (d, 4H),
7.84 (d, 4H), 7.78 (m, 2H), 7.50 (d, 4H), 2.15 (s, 12H). *'P NMR (D,0) & 6.39. HR-ESI-MS
(Methanol; 20% H,O with 1% HCOOH): m/z = 785.009", [M —2CI' —H']" = 785.103; m/z =
807.0823* = 1614.1646, [M — 2CI' - 2H" + Na']*" = 1614.172. Anal. Found (Calc.) for
C34HasCILNgO3P,Ru: C 41.43 (41.56); H 4.70 (4.92); N 8.53 (8.55).

3.4.3. Electrochemical and Spectroscopic Characterization

Electrochemistry. Electrochemical measurements were conducted on a CH Instruments
660D potentiostat with a Pt-mesh or Pt-wire counter electrode, and a Ag/AgNO; (0.01 M
AgNO;/0.1 M tetra-n-butylammonium hexafluorophosphate ((TBA]PFs) in CH3CN; -0.09 V vs.
Fc™! or Ag/AgCl (3 M NaCl; 0.198 V vs. NHE) reference electrode. £}/, values were obtained
from the peak currents in square-wave voltammograms or from averaging cathodic and anodic
potentials at peak current values (£, and E, ,) in cyclic voltammograms. Reductive
electropolymerization was carried out in anhydrous CH3CN (dried over 3 A molecular sieves)
with 0.1 M [TBA]PFg as the supporting electrolyte under an atmosphere of argon. Solutions were
deaerated with argon for at least 5 minutes prior to reductive electrochemical cycling.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
results were obtained on a FEI Helios 600 Nanolab Dual Beam System equipped with an Oxford
instruments, INCA PentaFET-x3 detector. A cross section was taken of mesoporous nanoTiO,
loaded with RuPdvb and then reductively cycled 50 or 300 times in the presence of [Fe(v-
tpy)2]*". Surface images were taken at 20 kV with a 0.69 nA beam current. Three EDS spectra

were obtained at the polymer/solution interface (top), in the bulk of TiO, nanoparticles (middle),
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and at the nanoTiO,/FTO interface (bottom) of the cross section (see Associated Content) unless
otherwise noted.

Absorption spectra were recorded on an Agilent 8453 UV-visible photo diode array
spectrophotometer (adsorption isotherms and spectroelectrochemistry), or a Varian Cary 50 UV-
visible spectrophotometer (photostability). Extinction coefficients for the complexes in aqueous
H,O were determined from the absorption spectra of solutions having a known concentration of
complex.

Transient absorption (TA) measurements were carried out by inserting derivatized thin
films at a 45° angle into a standard 10 mm path length square cuvette containing pH 1 aqueous
solutions (0.1 M HCIO4). The top of the cuvette was fit with an O-ring seal with a Kontes valve
inlet to allow the contents to be purged with Argon. TA experiments were performed by using
nanosecond laser pulses produced by a Spectra-Physics Quanta-Ray Lab-170 Nd:YAG laser
combined with a VersaScan OPO (532 nm, 5-7 ns, operated at 1 Hz, beam diameter 0.5 cm, ~5
mlJ/pulse) integrated into a commercially available Edinburgh LP920 laser flash photolysis
spectrometer system. White light probe pulses generated by a pulsed 450 W Xe lamp were
passed through the sample, focused into the spectrometer (5 nm bandwidth), then detected by a
photomultiplier tube (Hamamatsu R928). Appropriate filters were placed before the detector to
reject unwanted scattered light. Detector outputs were processed using a Tektronix TDS3032C
Digital Phosphor Oscilloscope interfaced to a PC running Edinburgh’s L900 (version 7.0)
software package. Single wavelength kinetic data were the result of averaging 50 laser shots and
were fit with the Edinburgh software. The data were fit over the first 10 ms by using the tri-

exponential function in Equation 3.12 and the weighted average lifetime («1») calculated from
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Equation 3.13 and Equation 3.14. The results of multiple measurements revealed variations in
the kinetic fit parameters of <5% with general trends reproduced in two separate trials.

Electron injection efficiencies (®iy;) were calculated by using Equation 3.15 with
nanoTiO,|-RuP as the reference. RuP bound to nanoTiO, is known to have an injection yield of

100% in aqueous pH 1 HCIO,.*

Equation 3.15

Mg () /Aesam(Ap) /(1 — 107 AsamTex))
Mrer(Ap)/Aerer(Ay)/ (1 — 10~ 4rer(ex))

inj —

In Equation 3.15, A4 is transient absorption amplitude, Ag is the molar extinction
coefficient difference between ground and excited/oxidized states (Ae =—6,500 M™' cm™ at 400
nm for nanoTiO,-RuP and Ae =—11,200 M cm™ at 580 nm for nanoTiO|-poly-[Fe(v-
tpy)2]>"). At the probe wavelength, A (=1- 10449y is the sample absorptance at the excitation
wavelength (Aex = 532 nm).

Steady-State Emission. Steady-state emission data were collected at room temperature
with an Edinburgh FLS920 spectrometer with emitted light first passing through a 495 nm long-
pass color filter, then a single grating (1800 I/mm, 500 nm blaze) Czerny-Turner monochromator
(5 nm bandwidth) and finally detected by a Peltier-cooled Hamamatsu R2658P photomultiplier
tube. The samples were excited using light output from a housed 450 W Xe lamp / single grating
(1800 I/mm, 250 nm blaze) Czerny-Turner monochromator combination with 5 nm bandwidth.

Photostability. Photostability measurements were performed by a previously reported
procedure.” The light from a Royal Blue (455 nm, fwhm ~30 nm, 475 mW c¢m™) Mounted High

Power LED (Thorlabs, Inc., M455L2) powered by a T-Cube LED Driver (Thorlabs, Inc.,
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LEDDI1B) was focused to a 2.5 mm diameter spot size by a focusing beam probe (Newport Corp.
77646) outfitted with a second lens (Newport, Corp 41230). Light output was directed onto the
derivatized thin films placed at 45° in a standard 10 mm path length cuvette containing 3 mL of
the solutions of interest. The illumination spot was adjusted to coincide both with the thin films
and the perpendicular beam path of a Varian Cary 50 UV-visible spectrophotometer. The
absorption spectrum (360—-800 nm) of the film was obtained every 15 minutes during 16 hours of
illumination. The incident light intensity was measured with a thermopile detector (Newport
Corp 1918-C meter and 818P-020-12 detector). The solution temperature, 22 + 2 °C, was
consistent throughout the duration of the experiment.

The absorption-time traces at 480 nm could be satisfactorily fit with the biexponential
function in Equation 3.3. For comparative purposes, the results of the multi-exponential analysis
were represented by a single rate constant, the disappearance or desorption rate constant, ks, by
calculating the weighted average lifetime («v>) by application of Equation 3.4. In Equation 3.4,
A; and 1; are the contributions to the absorbance amplitude and lifetime of component i.
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3.6. Associated Content

Associated content, including EDS spectra, can be found in Appendix A.
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CHAPTER 4: WATER OXIDATION BY AN ELECTROPOLYMERIZED CATALYST
ON DERIVATIZED MESOPOROUS METAL OXIDE ELECTRODES

Reprinted with permission from Ashford, D. L.; Lapides, A. M.; Vannucci, A. K.; Hanson, K_;
Torelli, D. A.; Harrison, D. P.; Templeton, J. L.; Meyer, T. J. J. Am. Chem. Soc. 2014, 136,
6578. Copyright 2014 American Chemical Society.

4.1. Introduction

Dye-sensitized photoelectrosynthesis cells (DSPECs) offer a potential solution to solar
energy storage by using solar energy to directly generate chemical fuels.'” In a DSPEC, the
configuration of the chromophore and catalyst is important in enabling rapid electron transfer
from the catalyst to the oxidized chromophore following the excitation-electron injection
sequence.>”*

Multiple strategies have been described for assembling chromophores and catalysts on
metal oxide surfaces.”'? They typically suffer from difficult synthetic procedures and/or limited

stabilities on oxide surfaces.'>!'

Recently, we reported reductive electropolymerization/electro-
oligomerization of a vinyl-functionalized polypyridyl complex, [Fe(4’-vinyl-2,2":6’,2"-
terpyridine),]*", on bare TiO, and on TiO, surfaces prederivatized with the vinyl- and
phosphonate-functionalized complex, [Ru(5,5’-dvbpy).(4,4’-dpbpy)]*” (RuPdvb**; 5.5’-dvbpy =
5,5’-divinyl-2,2’-bipyridine; 4,4’-dpbpy = [2,2’-bipyridine]-4,4’-diylbis(phosphonic acid),
Figure 4.1A)."'° The effect of adding the electropolymerized overlayer is dramatic, leading to a
30-fold enhancement in photostability of the surface-bound chromophore relative to the
unprotected complex.

Here we describe the utilization of this strategy to introduce the vinyl-functionalized

water oxidation catalyst, [Ru(Mebimpy)(5,5’-dvbpy)(OH,)]*" (RuOH,**, Mebimpy = 2,6-bis(1-
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methyl-1H-benzo[d]imidazole-2-yl)pyridine), as the electropolymerized overlayer (Figure
4.1A). This procedure provides a basis for preparing stable, catalytically active films both with
and without the prebound RuPdvb*" chromophore on both planar oxide surfaces and in

mesoporous, nanoparticle metal oxide films.

OH,

Reductive
Electrochemistry (4

OH,

Figure 4.1. A) Structures of RuPdvb?" and RuOH,**. B) Schematic diagram of the surface
structure following reductive electropolymerization on nanoTiO,|-RuPdvb?".

4.2. Results and Discussion

The chromophore, RuPdvb**, and catalyst, RuOH,*", were synthesized as previously
reported.”"” Substitution of coordinated H,O by CH3CN was achieved by dissolving RuOH,** in
CH;CN. Vapor diffusion of diethyl ether resulted in X-ray quality crystals of the CH3CN-
substituted complex (Figure 4.2). In the structure, the geometry around Ru(Il) is a slightly
distorted octahedron with bond angles of 174.2° for NI-Ru—N3 and 174.4° for N2-Ru—N6. The

length of the vinyl C—C bonds (1.30 A) and the Ru—N bonds match those of similar complexes.'’
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Figure 4.2. Crystal structure of Ru(NCCH;)*".

Electropolymerization was conducted in a three-compartment electrochemical cell under
an argon atmosphere. All solutions were dried over MgSQO,, filtered, and deaerated with argon
for 10 minutes before electropolymerization. The working electrodes were planar fluoride-doped
tin oxide (FTO), nanocrystalline titanium dioxide (nanoTiO;), or nanocrystalline indium tin
oxide (nanolTO). Working electrodes were either the bare metal oxide or derivatized with
RuPdvb?* by soaking overnight in methanol solutions of the complex (150 pM)." In a typical
electropolymerization experiment, the working electrode was cycled in a solution of RuOH,**
(0.5 mM in complex, 0.1 M [TBA]PF¢/PC; PC = propylene carbonate) from 0 to —1.8 V (vs.
Ag/AgNO:;) at a scan rate of 100 mV s~ with a 120 s pause between each cycle. PC was used as
the electrochemical solvent rather than CH;CN to avoid displacing the H,O ligand of RuOH,*".
Solutions were stirred during and between cycles to promote percolation of RuOH,>* throughout
the mesoporous metal oxides (nanoITO and nanoTiO,)."

Initially, electropolymerization was carried out on FTO electrodes and on FTO

derivatized with RuPdvb*" (FTO|-RuPdvb’"). Surface coverages (I') of polymerized RuOH,**
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on FTO (polyRuOH,*") were determined by cyclic voltammetry (CV). In these measurements,
the integrated charge of the Ru""" wave and Equation 4.1 were used to establish I" in mol cm™.
Surface coverages on FTO|-polyRuOH,*" and FTO|-RuPdvb*"-polyRuOH,*" increased linearly
with the number of reductive scan cycles (Figure 4.3). Under the electropolymerization
conditions, one monolayer equivalent (~1 x 10"'° mol cm™ on planar surfaces) of polyRuOH,**
was deposited every ~2 cycles on both FTO and FTO|-RuPdvb**. The peak current (ip) for the
polyRu™"OH, couple in aqueous 0.1 M HCIO, varied linearly with scan rate for FTO|-

RuPdvb**-polyRuOH,*" with both 5 and 20 layers of polyRuOH,** (Figure 4.4), consistent

with a non-diffusional surface redox couple.'®

Equation 4.1
L0
nFA

A) 1.5x109 B) gx10-10

< —~ 6x1071]

€ 1.0x109] &

o L

© o -10]

g u é 4x10

~ 5.0x10714 ] ~

] 2x10-101
0.0 T T T T 0 ' ' ' '
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Figure 4.3. Surface coverage of polyRuOH,** on A) bare FTO and B) FTO|-RuPdvb** as a

function of reductive cycles in a 0.5 mM solution of RuOH,** (0.1 M [TBA]PF«/PC). Cycling
was performed from 0 to —1.8 V vs. Ag/AgNO; (v =100 mV s™'; Pt counter electrode).
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Figure 4.4. Peak current (ipeat) for the polyRu"""OH, redox couple as a function of scan rate for
samples of FTO|-RuPdvb**-polyRuOH,*" with A) 5 monolayer equivalents and B) 20
monolayer equivalents of polyRuOH,*". CVs were performed in 0.1 M HClO4 with a Pt-wire
counter electrode and Ag/AgCl (3 M NaCl) reference electrode.

The pH-dependence of the polyRu"""OH,****

couple on FTO is illustrated in the £}/ vs.
pH (Pourbaix) diagram in Figure 4.5. Below pH 2.3, the couple is pH independent. Above pH
2.3, E1;» decreases by 51 mV pH™, suggesting that pK, = 2.3 for polyRu™OH,’*. This value is
comparable to that of the surface bound catalyst [Ru(Mebimpy)(4,4’-dpcbpy)(OH,)]*"
(RuPOH,*": 4,4’-dpcbpy = ([2,2’-bipyridine]-4,4’-diylbis(methylene))bis(phosphonic acid)) on
nanoTiO; (pK, = 2.5)."” The ensuing polyRu" O*/Ru™OH?*" couple is kinetically inhibited and
difficult to observe, as documented earlier for related ruthenium complexes.*® The
electrochemical response of the couples is independent of film thickness in FTO|-polyRuOH,**
in films up to 33 layers (Figure 4.6). These results suggest that the environment at the Ru" metal

centers in polyRuOH;*" is open to diffusion of solvent and buffer/electrolyte through the

polymer, at least to this level of thickness.
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Figure 4.5. E; vs. pH diagram for FTO|-RuPdvb**-polyRuOH,*"* (five layers). E\, values are
cited as potentials at the current maxima in square wave voltammograms. The dashed lines are
the fit for the £,,-pH trends for the couples polyRuHIOHZH/RuHOHz2+ (~0 mV pH'l) and
polyRu™OH*"/Ru"OH,** (51 mV pH™") with pK, = 2.3 for polyRu™OH,*" at 23 °C in aqueous
0.5 M NaClOy4 with 0.1 M buffer.
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Figure 4.6. £y as a function of pH for FTO|-RuPdvb**-polyRuOH,*" with 7 (blue circles), 19
(red squares), and 33 (green triangles) monolayer equivalents of polyRuOH,** deposited onto
FTO|-RuPdvb**. E, values were obtained at peak current maxima in square wave

voltammograms. The solid line represents the fit of £y, values with pH for the Ru""(OH,) and
Ru""(OH/OHy,) redox couples at 23 °C in 0.5 M NaClO, and 0.1 M buffer solution.

Electropolymerization was also investigated on nanoTiO, and nanoTiO,-RuPdvb**
electrodes (4 to 7 um thick). The high surface area electrodes allow for UV-visible absorption
spectroscopic monitoring of surface coverage based on Amay = 497 nm, €497 nm = 8,200 M~ cm™
for polyRuOH,**. On both surfaces, surface coverage of polyRu"OH,*" increased linearly with
the number of scans (Figure 4.7, Figure 4.8) for the first 50 reductive cycles. With additional
scans, surface coverage continues to increase, but at a slower rate with a plateau reached after
~300 cycles. Surface coverage following 70 and 300 cycles corresponds to one (I' = 7 x 10™* mol

cm™ on nanoTiO,) and two layers of polyRu"OH,*", respectively.
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A blue-shift in the MLCT absorption maximum from 462 to 453 nm is observed for
RuPdvb?* in the electropolymerized films (Figure 4.7). This shift is consistent with conversion
of the 7* acceptor vinyl substituents in RuPdvb** to saturated, electron-donating alkyl
substituents in the electropolymerized polymers."> This observation suggests the formation of
direct C—C bonds between surface-bound RuPdvb** and catalyst RuOH,*" in the surface

1321 No change in the absorption spectrum of nanoTiO,|-RuPdvb** was observed

assembly.
following reductive cycling in the absence of RuOH,>".

Scanning electron microscopy (SEM) images of nanoTiO,|-RuPdvb* -polyRuOH,**
films following 60 reductive CVs show that the nanoTiO, films maintain their porosity. A
decrease in porosity is observed following 120 reductive cycles. Following 450 reductive cycles,
a film of polyRuOH,*" is visible on top of the nanoTiO, substrate. Film formation presumably
inhibits diffusion into the pores of the mesoporous oxide, inhibiting further internal
polymerization (Figure 4.7). Energy-dispersive X-ray spectroscopy (EDS) was used to

determine the concentration of Ru at varying depths following 450 reductive scans. These results

suggest a relatively uniform concentration of Ru throughout the nanoTiO, substrate.
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Figure 4.7. UV-visible absorption spectral changes for nanoTiO,|-RuPdvb*" with an increasing
number of reductive scan cycles (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 300, 450;
light red to dark red) in 0.5 mM RuOH,*" (0.1 M [TBA]PF¢/PC). Inset: Surface coverage (I in
nmol cm™) of polyRuOH,*" versus the number of reductive scan cycles.
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Figure 4.8. A) Changes in UV-visible absorption spectra for nanoTiO, with increasing number

of reductive cycles from 0 to —1.8 V (vs. Ag/AgNO3) in 0.5 mM RuOH,*" (0.1 M
[TBA]PF/PC). B) Surface coverage of polyRuOH,*" as a function of reductive cycles.

The photostability of the nanoTiO,|-RuPdvb**-polyRuOH,*" films was evaluated by a
previously published procedure in which the derivatized electrodes were subjected to constant
irradiation at 455 nm (fwhm ~30 nm, 475 mW cm™, ~135 suns at 455 nm).”> Absorption spectra
(360 — 800 nm) of the films were obtained every 15 minutes over 16 hours of irradiation. Results
for ~1:1 nanoTiO,-RuPdvb* -polyRuOH,*" in aqueous 0.1 M HCIO, demonstrate significant
enhancements in surface stability compared to nanoTiO,-RuP*" (RuP?** = Ru(bpy),(4,4’-
dpbpy)]*", Figure 4.9). Following 16 hours of irradiation, the surface coverage of the
chromophore in nanoTiO,-RuP** decreased by ~70% while only ~10% was lost for nanoTiO,|-
RuPdvb**-polyRuOH,*" (Figure 4.10). A 15-fold enhancement of stability was observed for
nanoTiOa-RuPdvb* -polyRuOH,*" films (kges = 2.8 x 107> s7'; kyes is the rate constant for loss
of the chromophore from the surface) compared to nanoTiOa-RuP?* (kges > 30 x 107 s') at pH

4.7 (0.1 M HOAc/NaOAc and 0.5 M NaClO,), Figure 4.11.'*1>%
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Figure 4.9. Changes in the absorption spectrum of nanoTiO,-RuP*" A) and nanoTiO,|-
RuPdvb**-polyRuOH,*" following 70 reductive cycles (B, ~1:1 chromophore:catalyst) in
aqueous 0.1 M HC1O, under constant 455 nm irradiation (475 mW cm™) from 0 hours (green) to
16 hours (black) recorded every 15 minutes.
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Figure 4.10. Variation of surface coverage as a function of irradiation time at 475 mW cm™ at
455 nm over a 16 hour photolysis period in aqueous 0.1 M HCIO4. Loss from the surfaces was
monitored by absorbance changes at 453 nm (g453 = 13,500 M cm™).
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Figure 4.11. Changes in the absorption spectrum of A) nanoTiO,|-RuP*"; and B) nanoTiO,|-
RuPdvb**-polyRuOH,*" following 70 reductive cycles (~1:1 chromophore:catalyst) in pH 4.7
(0.1 M HOAc/NaOAc, 0.5 M NaClO,) under constant 455 nm irradiation (475 mW cm™) from 0
hours (green) to 16 hours (black) recorded every 15 minutes.

Electrocatalytic water oxidation was investigated on nanolTO|-RuPdvb**-polyRuOH,**
by CV measurements. At pH 4.7 (0.1 M HOAc/NaOAc, 0.5 M NaClO,) oxidative waves appear
at Ey,=0.75 and 1.02 V (vs. NHE) for the -Ru"-Ru"(OH)*"/~Ru"-Ru"(OH,)*" and —Ru"-
Ru"Y(0)*"/~Ru"-Ru"™(OH)*" couples, respectively (Figure 4.12). An additional wave appears
at £, = 1.38 V for the —-Ru"™"-Ru" ' (0)""/~Ru"-Ru"Y(0)*" redox couple. Spectroelectrochemical
measurements on nanol TO|-RuPdvb**-polyRuOH,*" in aqueous 0.1 M HCIO, are consistent
with the loss of MLCT absorptions in the visible region and with other characteristic spectral
changes following oxidation of —Ru"-Ru"(OH,)*" to -Ru"-Ru"(OH,)**, ~Ru"-Ru"(OH,)*"

to —-Ru"-Ru"v(0)**, and —Ru"-Ru"Y(0)** to —-Ru""-Ru'Y(0)"" (Figure 4.13).

109



o
N

£ % w_
£ . .
(&) — —
< 7 ]
E o2 = 3
2 . .
B —0.4 3 ]
c . N
Q o -
0 -0.6- -
= ] — nITO ]
g—0.8-_ —— nITO-RuPdvb?*-polyRuOH,?* -
- N -
O -1 -

_1-2 IIIIIIIlllIIIIIIIIIIIIIIIIIIIIII

1.8 16 14 12 1 08 06 04 0.2
Potential (V vs NHE)

Figure 4.12. Cyclic voltammograms at 20 mV s for nanoITO|-RuPdvb**-polyRuOH,*" (red)
and nanolTO (black) in pH 4.7 aqueous solution (0.1 M HOAc/NaOAc, 0.5 M NaClOy); Pt-
mesh counter electrode and Ag/AgCl reference electrode (0.197 V vs. NHE).
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Figure 4.13. A) Spectroelectrochemistry of nanoITO|-RuPdvb**-polyRuOH,*" in 0.1 M HCIO,
with a Pt-mesh counter electrode and Ag/AgCl reference electrode. The nanolTO|-RuPdvb?**-
polyRuOH,*" slide was stepped in 0.02 V increments and held for 300 seconds at each potential.
Following each potential hold, an absorption spectrum of the slide was obtained. B) Calculated
spectra for the multi-wavelength fit to the kinetic model A = B = C = D with A = [-Ru"'-
Ru"(OH,)]*", B = [-Ru"-Ru"(OH,)]’", C = [[Ru"-Ru"Y(0)]*, and D = [-Ru""-Ru"Y(0)]"".
C) Calculated concentration profiles as a function of applied potential (V vs. Ag/AgCl) for the
model A = B = C = D. D) Changes in absorption at 476 nm (Amaxmrct for RuPdvb™) as
function of applied potential in black and calculated fit (red) using the model A <= B = C = D. E)
Changes in absorption at 491 nm (Amaxmrcr for RuOH,™) as a function of applied potential in
black and calculated fit (red) using the model A = B = C = D. The data was fit using
SPECFIT/32 by a series of three sequential Nernstian steps (A < B = C = D).
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As shown in Figure 4.12, oxidation past the —-Ru""-Ru" ' (0)*"/~Ru"-Ru""(0)*" redox
couple triggers the onset of catalytic water oxidation. Notably, it occurs at a potential ~200 mV
less positive than oxidation to —Ru™-Ru"(0)*" which occurs at E,.= 1.7V for the solution-
based catalyst.” The —Ru""-Ru"(0)*"/~Ru"™-Ru"Y(0)*" wave in the bilayer is not observable
due to the catalytic current. The appearance of the low potential onset suggests that the
chromophore RuPdvb** in the films behaves as a redox mediator, lowering the overpotential for

water oxidation.”**® A similar decrease was not observed for polyRuOH,** films on nanoITO

(Figure 4.14).

05 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Figure 4.14. CVs at 10 mV s of nanoITO|-RuPdvb**-polyRuOH,** (red) and nanolTO|-
polyRuOH,*" (black) in pH 4.7 (0.1 M HOAc¢/NaOAc, 0.5 M NaClO,); Pt-mesh counter
electrode and Ag/AgCl reference electrode. The traces are normalized to the —
Ru"(OH)/Ru"(OH,) redox couple.
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Rate constants for water oxidation (kobs) at 1.7 V vs. NHE were evaluated at pH 4.7 (0.1
M HOAc/NaOAc, 0.5 M NaClO4) by CV measurements with application of Equation 4.3 (see
Experimental).”’ Based on these data, kobs = 0.073 + 0.030 s ' for nanolTO|-RuPdvb**-
polyRuOH,*" with a 1:1 chromophore/catalyst ratio (Figure 4.15A) and kqps = 0.060 £ 0.020 s
for nanolTO|-polyRuOH,** (Figure 4.15B). Under the same conditions, kops = 0.10 £ 0.010 s,
for the monomeric catalyst RuPOH,** on nanoITO (Figure 4.15C). The comparable kops
suggests that the catalytic properties of the catalyst are not significantly altered in the polymer

film. Similar k,ps values were obtained on FTO (Figure 4.16).
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Figure 4.15. Plots of i./i, (i.is the current at 1.7 V vs. NHE, i, is the peak current for the —
Ru'(OH)/Ru"(OH,) redox couple) as a function of v'' for A) nanoITO|-RuPdvb**-
polyRuOH,**; B) nanolTO|-polyRuOH,*" and C) nanoITO|-RuPOH,** in pH 4.7 (0.1 M
HOAc/NaOAc, 0.5 M NaClOy); Pt-mesh counter electrode and Ag/AgCl reference electrode.
Surface coverages for each complex were ~1.1 x 10™® mol cm™ at 23 °C. The rate constant, kops,
was evaluated from the slope of the each plot.
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Figure 4.16. Plots of i./i, (i.is the current at 1.7 V vs. NHE, i, is the peak current for the —
Ru"'(OH)/Ru"(OH,) redox couple) as a function of v'' for A) FTO|-polyRuOH,*"; and B)
FTO|-RuPdvb**-polyRuOH,*" in pH 4.7 (0.1 M HOAc/NaOAc, 0.5 M NaClO,); Pt-mesh
counter electrode and Ag/AgCl reference electrode. Surface coverages for each complex were ~1
x 107" mol cm™ at 23 °C. The rate constant, ko, Was evaluated from the slope of the each plot.

Controlled potential electrolysis of 1:1 nanoITO|-RuPdvb* -polyRuOH,*" at 1.7 V (vs.
NHE) in pH 4.7 (0.1 M HOAc¢/NaOAc, 0.5 M NaClOg, E°(H,0 — 1/20,+2H +2¢)=0.95
V vs. NHE at pH 4.7) resulted in a sustained catalytic current with no decrease over a two-hour
period (Figure 4.17). Oxygen production was quantified by gas chromatography, giving a
Faradaic efficiency of 77% (Figure 4.18a). During this experiment, the catalytic sites underwent
501 turnovers with a turnover frequency of 0.046 s~ (based on oxygen production), comparable

to the rate constants obtained by CV measurements.
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Figure 4.17. Controlled potential electrolysis on 1:1 nanoITO|-RuPdvb**-polyRuOH,*" (red)
and nanolTO (black) at 1.7 V vs. NHE in pH 4.7 aqueous solution (0.1 M HOAc/NaOAc, 0.5 M
NaClOy); Pt-mesh counter electrode and Ag/AgCl reference electrode (0.197 V vs. NHE). I' =
1.1 x 10" mol cm™ for each complex.

Following a two-hour electrolysis period, neither catalyst decomposition nor desorption
was observed by CV (Figure 4.18b). This observation represents a significant stability
enhancement relative to surface-bound RuPOH,*". Despite the presence of the catalyst
following the two-hour electrolysis period, the catalyst was observed to experience structural
changes. The appearance of a new redox couple (£, =~ 0.3 V in Figure 4.18b) is attributed to
conversion of polyRuOH;*" to polyRuOOH?*. This peroxide species is a known intermediate

27-30

for similar surface-bound water oxidation catalysts. These measurements also reveal a
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chemical change for surface-bound RuPdvb** over the electrolysis period with characteristic
features appearing in the CVs for a surface-bound analogue of cis-[Ru(bpy)2(OH,)2]*"." Its
appearance and activity toward water oxidation catalysis may account for the increase in the

magnitude of the catalytic current over time observed during electrolysis (Figure 4.17).

80 7] T T T T T T T T T T T T T T 0.4_- T T T T T ]

J — Pre Electrolysis N E 0.2 ]

60 4 — Post Electrolysis 3 0.0 ] :
50 E ] 5
a3 ] Z -0.2 ]
=404 3 ] ]
S O, 1E -04] ]
30_. - T : 1

E ; -0.6] ]

20_. -] ] 1
10-3 _E -0.8-: :

0 E f -1.0 ]

T T T T T T T T T T T T T T T T T T T T T T T
0 1 2 3 1.8 1.5 1.2 0.9 0.6 0.3

Retention Time (min) E (V vs. NHE)
Figure 4.18. a) Gas chromatographs of headspace following electrolysis of blank nanolTO
(black trace) and nanol TO|-RuPdvb* -polyRuOH,*" (red trace) at 1.7 V vs. NHE in pH 4.7
aqueous solution (0.1 M HOAc/NaOAc, 0.5 M NaClOy); Pt-mesh counter electrode and
Ag/AgCl reference electrode (0.197 V vs. NHE). T' = 1.1 x 10 mol cm™ for each complex. b)

Cyclic voltammograms of nanolTO|-RuPdvb* -polyRuOH,** before (blue trace) and after (red
trace) a two-hour controlled potential electrolysis under the same conditions as in a).

4.3. Conclusions

Our results are important in describing a general strategy for preparing spatially
controlled, multicomponent films and bilayers containing both light harvesting chromophores
and water oxidation catalysts on planar and mesoporous nanoparticle metal oxide films. The
procedure is general with reductive electropolymerization/assembly formation successfully
demonstrated on FTO, nanoTi0O,, and nanolTO and on these surfaces derivatized with

RuPdvb**. The chromophore/catalyst ratio in the films can be controlled by the number of
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reductive CVs scan cycles. The PCET character of the RuOH,”" sites in the surface structures is
maintained and, on FTO, is independent of film thickness up to 33 layers. Importantly, reactivity
toward water oxidation is maintained in both polyRuOH,** films and RuPdvb**-polyRuOH,**
bilayers on FTO and nanolTO with sustained water oxidation catalysis occurring over a2 h
electrolysis period with a Faradaic efficiency of 77% with individual catalyst sites undergoing
501 turnovers and a TOF = 0.046 5.

4.4. Experimental
4.4.1. Sample Preparation

Materials and Methods. [Ru(n’-benzene)(Cl)]»,*' 2,6-bis(1-methyl-1H-
benzo[d]imidazol-2-yl)pyridine (Mebimpy),” and 5,5’-divinyl-2,2’-bipyridine (5,5’-dvbpy)*
were synthesized as previously reported. Distilled water was further purified by using a Milli-Q
Ultrapure water purification system. All other reagents were ACS grade and used without further
purification. Fluoride-doped tin oxide (FTO)-coated glass (Hartford Glass; sheet resistance 15 Q
per square), was cut into 10 mm % 40 mm strips and used as the substrate for TiO, nanoparticle
films. Microwave reactions were carried out using a CEM MARS microwave reactor. A CEM
HP-500 Plus Teflon-coated microwave vessel (100 mL) was used at a power setting of 400 W.
The vessel was rotated and stirred throughout the microwave procedure. The pressure of the
reaction vessel was monitored throughout the reaction, and never exceeded 300 PSI.

Metal Oxide Films. Films of nanoTiO,, typically 4 to 7 um thick (~20 nm particle
diameter), with a coating area of roughly 10 mm X 15 mm, were synthesized according to a
literature procedure.>

Absorption Spectra. Absorption spectra were obtained by placing the dry derivatized
films perpendicular to the detection beam path of the spectrophotometer. Equation 4.2 was used

to calculate surface coverages.’* Molar extinction coefficients (¢) in H,O were used; A()) is the
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absorbance at the MLCT Anax. All measurements were carried out on films loaded from methanol
solutions of ruthenium complex (150 uM), which gave complete surface coverage (I' =8 x 10®

mol cm™).

Equation 4.2
'=AQ) x (g(1) x 1000)"

4.4.2. Electrochemical and Photophysical Characterization

Electrochemical Measurements. Electrochemical measurements were conducted on a CH
Instruments 660D potentiostat with a Pt-mesh or Pt-wire counter electrode, and a Ag/AgNO3
(0.01 M AgNO3/0.1 M tetra-n-butylammonium hexafluorophosphate ([TBA]PF¢) in CH3;CN; —
0.09 V vs. F¢"%)® or Ag/AgCl (3 M NaCl; 0.197 V vs. NHE) reference electrode. £/, values
were obtained from the peak currents in square wave voltammograms or from averaging
cathodic and anodic potentials at peak current values (£, and E,,) in cyclic voltammograms.
Reductive electropolymerization was carried out in anhydrous propylene carbonate (dried over
MgSO4) with 0.1 M [TBA]PF; as the supporting electrolyte under an atmosphere of argon.
Solutions were deaerated with argon for at least five minutes prior to reductive electrochemical
cycling.

Surface coverages on FTO were calculated using Equation 4.1

Equation 4.1, where O is the integrated current under the —Ru""(OH)/Ru"'(OHy) redox couple

of polyRuOH,**, F is Faraday’s constant (96,485 C mol™), n is the number of electrons

transferred (n = 1 unless otherwise indicated), and A4 is the area of the electrode (~1 cm?).
Catalysis. Catalytic rate constants for the water oxidation, kobs, were calculated using

Equation 4.3, where i, is the catalytic current (in amperes) taken at 1.7 V (vs. NHE), ipcax 1s the
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current taken for the —~Ru""(OH)/Ru" (OH,) redox couple, 71, is the number of electrons

involved in the catalytic step (1., = 4 for HO —4 H —4 ¢ — O,), R is the ideal gas constant (R

=8.314 Jmol' K", T'is the temperature (in K), np s the number of electrons involved in the —
Ru"'(OH)/Ru"(OH,) redox couple (n = 1), F is Faraday’s constant, and v is the electrochemical

scan rate (V s™).

Equation 4.3

lcat 4RTnq \ (1
. = 2 <_> kobs
lpeak ngF v

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS).
SEM and EDS results were obtained on a FEI Helios 600 Nanolab Dual Beam System equipped
with an Oxford instruments, INCA PentaFET-x3 detector. A cross-section was taken of
nanoTiO,-RuPdvb?* that had been reductively cycled 60, 120, and 300 times in presence of
RuOH,*". Surface images were taken at 5 kV with a 86 pA beam current. Three EDS spectra
were obtained at the nanoTiO,/solution interface (top), in the bulk of TiO; nanoparticles
(middle), and at the nanoTiO,/FTO interface (bottom) of the cross section.

Photostability. Photostability measurements were performed by a previously reported
procedure.'* The light from a Royal Blue (455 nm, fwhm ~30 nm, 475 mW c¢m™) Mounted High
Power LED (Thorlabs, Inc., M455L2) powered by a T-Cube LED Driver (Thorlabs, Inc.,
LEDDI1B) was focused to a 2.5 mm diameter spot size by a focusing beam probe (Newport Corp.
77646) outfitted with a second lens (Newport, Corp 41230). The light output was directed onto
the derivatized thin film placed at 45° in a standard 10 mm path length cuvette containing 3 mL

of the solution. The illumination spot was adjusted to coincide both with the thin film and the
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perpendicular beam path of a Varian Cary 50 UV-visible spectrophotometer. The absorption
spectrum (360 — 800 nm) of the film was taken every 15 minutes over 16 hours of illumination.
The incident light intensity was measured with a thermopile detector (Newport Corp 1918-C
meter and 818P-020-12 detector). The solution temperature, 22 + 2 °C, was consistent
throughout the duration of the experiment.

The absorption-time traces at 400 nm, 450 nm, and 500 nm for the pH 4.6 (0.1 M
HOAc/NaOAc, 0.5 M NaClOs) could be satisfactorily fit with the biexponential function
(Equation 4.4). For comparison purposes, the results of the multi-exponential analysis were
represented by a single rate constant by first calculating the weighted average lifetime (<1>) using
Equation 4.5. The three weighted average lifetimes (<T>400-nm, <T>450-nm» <T>s500-nm) Were then

averaged (Equation 4.6) to represent desorption as a single rate constant, kges.

Equation 4.4

1 1
——X -——X
y= Aie 1 +Ae ™2

Equation 4.5
A.T?
<T> — Z L%l
YAT;
Equation 4.6
1 — <T>400—nm + <T>450—nm + <T>500—nm
kdes 3
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4.4.3. Synthesis

[Ru(5,5-dvbpy) (4°-benzene)(C1)] [Cl]. This complex was synthesized according a
modified literature procedure.”® [Ru(n’-benzene)(Cl),], (0.24 g, 0.48 mmol) and 5,5’-dvbpy (0.2
g, 0.96 mmol) were dissolved in methanol (~40 mL). The solution was refluxed overnight under
an atmosphere of argon. The reaction was cooled, filtered, and the filtrate was taken to dryness
by a rotary evaporator. The solid was triturated with ether, collected, and air-dried. This complex
was used without further purification (0.42 g, 95%). 'H NMR (400 MHz, DMSO) § (ppm) 9.64

(s, 2H), 8.63 (d, 2H), 8.48 (d, 2H), 7.05 (dd, 2H), 6.43 (d, 2H), 6.28 (s, 6H), 5.73 (d, 2H).

)
2/ l/“w] cl
/—Q\,—( \ / _MeOH 4{_\R g
a N7 |]

J li ' (|

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5
f1 (ppm)

[Ru(Mebimpy)(5,5 -dvbpy)(CIl)] [Cl]. This complex was synthesized according a
modified literature procedure.’ [Ru(5,5’-dvbpy)(n’-benzene)(C1)][C1] (0.122 g, 0.27 mmol) and

2,6-bis(1-methyl-1H-benzo[d]imidazol-2-yl)pyridine (0.09 g, 0.27 mmol) were heated at reflux
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for 20 minutes at 150 °C in 40 mL ethanol in a microwave reactor. The solution was cooled, then
filtered. A saturated solution of LiCl (~15 mL) was added along with additional H,O (15 mL),
and the ethanol was removed by rotary evaporation. The dark purple precipitate was filtered,
washed with water and ether, air-dried and collected. This complex was used without further
purification (0.169 g, 87%). 'H NMR (600 MHz, ds-DMSO0) & (ppm) 10.6 (s, 1H), 8.98 (d, 1H),
8.76 (m, 2H), 8.70 (d, 1H), 8.50 (d, 1H), 8.24 (t, 1H), 7.87 (m, 3H), 7.40 (t, 2H), 7.26 (s, 1H),

7.11 (m, 3H), 6.42 (d, 1H), 6.32 (d, 1H), 6.11 (d, 2H), 5.79 (m, 2H), 5.32 (d, 1H), 4.53 (s, 6H).
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[Ru(Mebimpy)(5,5 -dvbpy)(OH,)] [BF,], (RuOH;""). [Ru(Mebimpy)(5,5’-

dvbpy)(CD)](C1) (0.344 g, 0.48 mmol) was dissolved in 1:1 methanol:water (~30 mL) under an

atmosphere of argon. A solution of AgBF, (0.189 g, 0.97 mmol) in H,O (~10 mL) was added.

The solution was refluxed in the dark overnight under an atmosphere of argon. The solution was
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cooled, filtered through Celite, and the filtrate was taken to dryness using a rotary evaporator.
The crude product was then purified by size-exclusion chromatography (Sephadex LH-20) with
1:1 methanol:water as eluent. Similar fractions (based of UV-visible spectra) were combined,
and the solvent was removed by rotary evaporation. The dark red solid was triturated with ether
and collected (0.29 g, 73%). '"H NMR (600 MHz, CDsCN) & (ppm) 9.97 (s, 1H), 8.60 (m, 4H),
8.34 (t, 1H), 8.19 (d, 1H), 7.82 (dd, 1H), 7.67 (d, 2H), 7.44 (t, 2H), 7.22 (d, 1H), 7.18 (dd, 1H),
7.12 (t, 2H), 6.42 (d, 1H), 6.36 (dd, 1H), 6.23 (d, 2H), 5.80 (d, 1H), 5.69 (d, 1H), 5.33 (d, 1H),
4.41 (s, 6H). Anal. Found (Calc.) for C3sH37B,FsN;O4Ru: C 46.83 (47.00), H 3.72 (4.17), N

10.96 (10.96).
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4.6. Associated Content

Associated content, including absorption spectra, EDS spectra, and crystal structure information,

can be found in Appendix B.
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CHAPTER 5: SYNTHESIS, CHARACTERIZATION, AND WATER OXIDATION BY A
MOLECULAR CHROMOPHORE-CATALYST ASSEMBLY PREPARED BY
ATOMIC LAYER DEPOSITION. THE “MUMMY” STRATEGY

Reproduced from Lapides, A. M.; Sherman, B. D.; Brennaman, M. K.; Dares, C. J.; Skinner, K.
R.; Templeton, J. L.; Meyer, T. J. Chem. Sci. 2015, 6, 6398 with permission from the Royal
Society of Chemistry.

5.1. Introduction

In a Dye-Sensitized Photoelectrosynthesis Cell (DSPEC) for water splitting, a molecular
light absorber and catalyst are integrated with a wide bandgap metal oxide semiconductor.'”
Typically, the molecular components are either surface-bound on the oxide or covalently linked
prior to surface attachment with phosphonate-surface binding used for aqueous stability.*® A
number of alternate assembly strategies have been explored including a layer-by-layer
technique,”® electro-assembly formation,” "' and pre-formed polymer and peptide assemblies.'?

Although reasonably stable in acidic solutions, phosphonate surface binding is unstable
toward hydrolysis as the pH is increased above 5."> An additional stability issue arises from
decomposition of the oxidized forms of most chromophores under aqueous conditions which also
limits DSPEC stability and performance over extended periods.'*'® Atomic layer deposition
(ALD), with thin overlayers of aluminum oxide (Al,O3 or AO) or titanium dioxide (TiO,) added
after surface binding, has been used successfully to stabilize phosphonate-surface binding even
at high pH."*** We describe here a new ALD-based “mummy”’ strategy for preparing and
stabilizing chromophore-catalyst assemblies. It utilizes ALD for both forming and stabilizing
assemblies without the need for covalent or ionic bonds between units. The assembly process is
stepwise involving: (1) initial surface binding of a chromophore; (2) embedding the

chromophore in a thin layer of deposited oxide; (3) surface binding of a molecular catalyst; and,
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finally, (4) thin-layer deposition of an oxide overlayer to stabilize surface binding of the catalyst.
Here we describe the application of this strategy to the preparation of a Ru(Il) polypyridyl
chromophore-catalyst assembly on nanoparticle films of two oxides, tin-doped indium oxide
(nanolTO) for electrocatalytic water oxidation and titanium dioxide (nanoTiO,) for light-assisted
photoelectrochemical water oxidation.
5.2. Results and Discussion
5.2.1. Bilayer Formation

The chromophore [Ru"(4,4’-dpbpy)(2,2’-bipyridine),]*" (RuP**, Figure 5.1a; 4,4’-dpbpy
= [2,2’-bipyridine]-4,4’-diylbis(phosphonic acid)) was synthesized as its chloride salt as
previously described.” Films of nanoTiO, and nanoITO were loaded with RuP** by soaking in
methanol solutions (~1 mM in complex) overnight to give nanoTiO,|-RuP*" or nanol TO|-
RuP?**. Surface coverage was estimated by UV-visible absorption measurements with & = 12,700
M em™" at Apax = 458 nm for a solution analog, although small differences between the solution

. 9,24
and surface-bound species are expected.”
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Figure 5.1. Molecular structures of: (a) chromophore, RuP**; and (b) water oxidation catalyst,
RuCP(OH,)*". (c) Visualization of the ALD mummy protected surface assembly with —RuP**
(green molecule) and ~-RuCP(OH,)** (red molecule) embedded in ~3 nm of ALOs.

ALD overlayers of aluminum oxide (Al,O3; AO) were deposited atop derivatized
nanolTO|-RuP?** electrodes by sequential pulses of AI(CHs); and H,O at 150 °C under dynamic
vacuum. Ellipsometry performed on a witness Si wafer in the reactor established a deposition
rate of ~0.15 nm per cycle with the rate verified by transmission electron microscopy (TEM)
measurements on samples of both nanoITO and nanolTO|-RuP**. Conformal films were
observed on both substrates, suggesting that the adsorbed dye does not hinder conformal Al,O;

deposition.
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The effect of additional ALD cycles on sequential loading of a second chromophore layer
was investigated by UV-visible absorption measurements. In these experiments, nanolTO|—-
RuP?* electrodes were subjected to an increasing number of Al(CHs)s/H,0 cycles, x with x =0,
3,6, 8, and 10, followed by overnight soaking in the RuP* loading solution. UV-visible
absorption spectra were used to monitor the surfaces after each step in the surface synthesis
(Figure 5.2a). The ratio of RuP** in the outer layer to RuP*" in the inner layer was evaluated by
taking the ratios of background-subtracted spectra before and after the second loading step.
Outer-to-inner ratios at 458 nm are shown in Figure 5.2b. The extent of addition of the second
RuP*" layer was dependent on the number of Al(CHs)3/H,O cycles with a ~1:1 ratio reached at 6

cycles and comparable results obtained for 8 and 10 cycles.
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Figure 5.2. (a) Absorption spectra of dry films from the sequential loading procedure leading to
nanoITO|—RuP2+(lO-AO)l—RuP2+; (b) outer:inner —RuP*" ratios as a function of the number of
ALD pulses evaluated at 458 nm with background subtraction.

Further Al,Os addition (20 cycles total) caused a decrease in the 1:1 outer-to-inner
chromophore-loading ratio. UV-visible absorption measurements comparing outer-to-inner

loading on a sample of nanoTiO,|-RuP**(20-A0)|—~RuP** showed that loading of the outer
g P
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chromophore was ~65% that of the inner chromophore (Figure 5.3). The decrease in loading
could be due to reduced pore size and/or a reduced surface area of the films due to Al,O3

deposition.

1.0 LI I l LI B | l L N B ) l LU B B l LU . l LI I B l LI . | l L LI . |

1 nanoTiO,|-Ru p |
nanoTiO,|-RuP*'(20-A0)|-RuP**
nanoTiO,|(20-A0)|-RuP* .

Background-subtracted spectra: i
Note that the spectrum of the species
to the left of the underlined RuP?*" has
been subtracted.

Absorbance

0'0I""I""l""l""l""
350 400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 5.3. Background-subtracted UV-visible absorption spectra of nanoTiO,-RuP**(20-A0)|-
RuP*, nanoTiO,-RuP*, and nanoTiO(20-A0)|-RuP?**. Note that background (i.e. the
spectrum of all species to the left of the underlined species in the legend above) has been
subtracted from each spectrum as to only present the absorption spectrum of the underlined
molecular species.

To investigate pore size further, BET desorption isotherms were used to determine the

pore size distribution of modified and unmodified nanolITO films for both nanolTO and
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nanolTO(20-A0) (Figure 5.4). The mean pore size decreased by ~5 nm upon addition of 20-
AOQ, from 36 nm for nanolTO to 31 nm for nanolTO(20-AO). This decrease is in good
agreement with the expected value (6 nm; 20 cycles at 0.15 nm per cycle on each particle), and

could explain the decrease in chromophore loading reflecting waning of nanoparticle voids.

1.0 4

niTO, No ALD Treatment
niTO 20 Cycles Al203 ALD

0.8

0.6 4

04

Normalized Distribution

0.2

0.0 —————

Pore Size (nm)

Figure 5.4. Pore size distribution for nanolTO (black trace) and nanolTO(20-A0) (red trace).

The role of ALD overlayer thickness on the photostability of RuP** surface-bound to
nanoTiO; and on the electrochemical stability of the water oxidation catalyst, [Ru(2,6-bis(1-
methyl-1H-benzo[d]imidazol-2-yl)pyridine)(4,4’-dpcbpy)(OH,)]*" (RuCP(OH,)*", Figure 5.1b;
4,4’-dpcbpy = ([2,2’-bipyridine]-4,4’-diylbis(methylene))bis(phosphonic acid)) on nanolTO has

been investigated previously.*'*

For both, maximum stability was achieved for ALD overlayer
thicknesses approaching the molecular diameter of —-RuP** (~1.3 nm). In synthesizing the

chromophore-catalyst assembly, an initial ALD overlayer of 10 Al(CH3)3/H,O cycles (~1.5 nm)
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was used to stabilize surface-bound —RuP?**. In a second step, RuCP(OH,)** (Figure 5.1b), as
the trifluoromethanesulfonate salt, was loaded from methanol (~1 mM in complex) onto the pre-
deposited ALO; overlayer coating surface-bound —RuP**. In a final step, an additional 10
Al(CH3)3/H,0 cycles were deposited to stabilize catalyst surface binding. The second deposition
step increased the total thickness of the Al,O3 overlayer to ~3 nm, “mummifying” the inner —
RuP** complex by addition of ALOjs to a level that was approximately twice the molecular
diameter, note Figure 5.1c.

5.2.2. Electrochemical characterization

In cyclic voltammetric (CV) scans on the assembly nanolTO|-RuP**(10-A0)|—
RuCP(OH,)*"(10-A0) at pH 4.7 in an aqueous sodium acetate buffer (I=0.1 M; 0.5 M NaClO,)
at a scan rate of 20 mV s ', a broad (AE,=0.18 V) wave at E1, = 0.73 V vs. NHE appears for
the external ~Ru""CP(OH)**/~Ru"CP(OH,)** couple (Figure 5.5, blue trace); this couple is
known to have E1, = 0.75 V at pH 5 on nanoITO.” Further oxidation with appearance of the —
Ru'YCP(0)*"/~Ru™CP(OH)** couple at £, = 1.0 V at pH 5 is not observed on the CV
timescale. The inhibition is due to a kinetic effect arising from the proton-coupled electron

transfer (PCET) nature of the couple and the insulating ALL,Os overlayer.*
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Figure 5.5. CV scans on nanolTO-RuP**(10-AO)|-RuCP(OH,)**(10-A0) (blue trace) and
nanolTO-RuP**(20-A0)|-RuCP(OH,)*" (red trace) (conditions: pH 4.7 aqueous sodium
acetate (0.1 M); 0.5 M NaClO4; v=20 mV s™'; ref = Ag/AgCl; Aux = Pt-mesh).

For the assembly, nanolTO|-RuP**(20-A0)|-RuCP(OH,)**, with 20 Al,O; inner layers,
there was no electrochemical response at 20 mV s ' (Figure 5.5, red trace). The loss of
electrochemical activity is presumably due both to the inability of the “buried” chromophore to
achieve charge compensation on the time scale of the experiment upon oxidation to —RuP**, —
RuP?* — ¢ — —RuP*", and to slow electron transfer tunneling from the external —-RuCP(OH,)**
catalyst to the electrode surface.

Oxidation of the external —-RuCP(OH,)*" catalyst is influenced by the internal
chromophore and continues to occur even with an intervening layer of Al,O3 without direct
surface binding of the chromophore to the underlying nanolTO. This effect was demonstrated by

CV measurements on an assembly prepared by first depositing 10 layers of Al,O3 on nanolTO
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followed by surface preparation of the assembly as described above. In CV scans of the resulting
assembly, nanoITO(l0-AO)|—RuP2+(10-AO)|—RuCP(OH2)Z+(1O-AO), a broad wave appeared at
E12=~0.64 V at pH 8.8 in a H,PO, /HPO,*” buffer for the —-Ru""CP(OH)*"/~Ru" CP(OH,)**
couple even though the catalyst couple was separated from the surface by 20 cycles (~3 nm) of
AL Os.

A spectroelectrochemical experiment was conducted to resolve the broad, overlapping
waves for nanolTO(10-AO)|-RuP**(10-A0)|~RuCP(OH,)**(10-A0), the surface-separated
mummy sample (Figure 5.6). Slow, 180 s electrochemical steps at 0.02 V increments from 0 to
1.7 V vs. NHE with spectrophotometric monitoring revealed a distinct oxidation at £, = 0.66 V
for the -Ru""CP(OH)**/~Ru""CP(OH,)*" couple, in agreement with the CV data. A second
oxidation was revealed at E1, = 1.30 V for the —RuP*"*" couple which was not observed in CV
scans at scan rates as slow as 20 mV s ' because of its kinetic inhibition.” The
spectroelectrochemical results confirm that both chromophore and catalyst are redox active with
an important role for long-range electron transfer through Al,O3; mediated by the intervening —

RuP*".
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Figure 5.6. Spectroelectrochemistry for nanolTO(10-AO)|-RuP**(10-AO)|-RuCP(OH,)**(10-
AOQ) with bare nanolTO(10-AQ) subtracted from each spectrum: a) raw data; b) including fit
spectra for ground state (light blue), singly-oxidized catalyst (red), and oxidized chromophore-
catalyst (dark blue). (Conditions: 0 to 1.7 V vs. NHE, 0.02-V step, 180-s hold per step; pH 8.8
sodium phosphate dibasic (0.1 M), NaClO4 (0.4 M); Ag/AgCl, 3 M NaCl reference electrode; Pt-
mesh counter electrode).

5.2.3. Photoelectrochemical hydroquinone dehydrogenation

The “mummy” protected assembly nanoTiO,-RuP**(10-AO0)|-RuCP(OH,)**(10-A0)
was investigated as a DSPEC photoanode on nanoTiO,. In these experiments a two-compartment
cell with a Nafion membrane separator was used with a three-electrode configuration (SCE
reference electrode, Pt-mesh counter electrode). The experiments were conducted under N, at pH
4.7 ina 0.1 M aqueous sodium acetate buffer in 0.5 M NaClO4 with a ~100 mW cm > white light
source (400 nm long-pass filter). An applied bias of 0.24 V vs. NHE was used to maximize the
photocurrent response.

In an initial set of experiments, the photoelectrochemical response of nanoTiO,|—
RuP*(10-A0)|-RuCP(OH,)**(10-A0) with added hydroquinone (H,Q; 20 mM), added as a

sacrificial electron donor (Figure 5.7a), was compared to nanoTiO;|-RuP?*. Under these

137



conditions, excitation and injection by nanoTiO,|-RuP*** is followed by rapid reduction of

nanoTiOa(e )| -RuP** to nanoTiOs(e )| -RuP** by H,Q (Equation 5.1).

T

T T T T T
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nanoTiO,|-RuP*(10-AO)|-RUCP(OH,)*'(10-A0) 1

— — ==

1500
a) "™ |
1200 |
]l
~ 9004
‘e ] i\,
S ol
< 600
= _
300
0.
0 30

" 420 150 180 210

Time (s)

b)1.00 T T T T T
0.75 \L—‘" .
1 1%
- i ‘\’:_. SR
2 I et R
8 0.50—_ - 14
© ]
g i
2 0_25_: — - nanoTiO,-RuP*" ]
1 —  nanoTiO,|-RuP**(10-A0)
0.00 —-:- nanoTiO,|-RuP**(10-A0)|-RUCP(OH,)**(10-A0) -
0 120 240 360 480 600
Time (s)

Figure 5.7. (a) Off—on photocurrent—time traces and; (b) normalized photocurrent—time traces

under continuous illumination for 10 minutes for nanoTiOz|—RuP2+ (black dash-dot traces),

nanoTiO2-RuP?**(10-A0) (red dash traces), and nanoTiO2|-RuP*(10-AO)|-RuCP(OH,)**(10-
AO) (blue solid traces) with 20 mM added hydroquinone (conditions: I~ 100 mW cm™ white
light; E.pp = 0.24 V vs. NHE; pH 4.7 aqueous sodium acetate (0.1 M); 0.5 M NaClOg; ref = SCE;

Aux = Pt-mesh).

Equation 5.1

nanoTiOa-Ru™P** + 0.5H,Q — nanoTiO,-Ru"P** +0.5Q + H'

For nanoTiO,-RuP*", a large initial photocurrent spike of ~1.5 mA cm > was observed,
g p Y

arising from surface oxidation of the complex and local capacitance effects, with the

hotocurrent reaching 0.61 mA cm > after 30 seconds. Under the same conditions, illumination
p g

of nanoTiO,~RuP?**(10-A0) resulted in an initial current spike of 0.60 mA c¢m > decreasing to

0.32 mA cm ~ after 30 seconds. The diminished photocurrent is presumably due to the ALO3

lowering injection yield as discussed previously.*’
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A nearly identical response was observed for the mummified assembly nanoTiOs|—
RuP2+(1O-AO)|—RuCP(OH2)2+(10-AO), with the photocurrent spike reaching 0.61 mA cm 2,
falling to 0.31 mA cm > after 30 seconds. This photocurrent response for the mummified
assembly, in which the chromophore is fully buried by Al,Os, points to injection by —RuP***
and hole transfer from —RuP’" to the catalyst in the outer-layer followed by reduction of —
Ru'CP(OH)* by H,Q (Equation 5.2 and Equation 5.3). To validate this explanation,
photocurrents for nanoTiOs-RuP**(20-A0), nanoTiO,|-RuP**(20-A0)|-RuCP(OH,)*"), and
nanoTiO2-RuCP(OH,)**(10-A0) were all negligible at <0.02 mA (Figure 5.8). These results
point to the importance of the chromophore and the configuration of the mummy-protection in

obtaining a significant level of photoelectrochemical activity.

Equation 5.2

nanoTiOa-RuP*|-Ru"CP(OH,)*" — nanoTiO,-Ru"P*|-Ru'CP(OH)** + H"

Equation 5.3
nanoTiOa-Ru"P*|-Ru™CP(OH)** + 0.5H,Q — nanoTiO,-Ru""P*|-Ru" CP(OH,)*" + 0.5Q

139



1 40 ]
204 E ] 1
30 — .
104 E ] ]
| - ST S G G
< 0 ___L_’ ] I b g 10 E ]
2 ] = = ] ]
— ~ 0 —; | ] ]
-10 - 1 r 7 1
] - P -10 — - 3
1 nanoTiO |-RuP*(20-A0)|-RUCP(OH,) 1 nanoTiO,|-RuP*(20-A0)|-RUCP(OH,) 1
-20 ] nanoTiO,|-RuP™(20-A0) ] .20 nanoTiO,|-RuP™(20-A0) ]
] nanoTiO,|-RUCP(OH,)*'(10-A0) ] nanoTiO,|-RUCP(OH,)*'(10-A0) ]
-30 — T T |I T T |I — T 1 -30 1 LA B B B AR B T T T T L ]
0 30 60 20 120 150 180 210 0 30 60 90 120 150 180 210
Time (s) Time (s)

Figure 5.8. Photoelectrochemical “off-on” traces (~100 mW c¢m™ illumination, 380-nm long-
pass filter) of nanoTiO,|-RuP?**(20-A0)|-RuCP(OH,)** (purple traces), nanoTiO,-RuP**(20-
AO) (green traces), and nanoTiO,-RuCP(OH,)**(10-A0) (orange traces) in pH 4.7
HOAc/NaOAc (0.1 M) buffer a) without; b) with 20 mM hydroquinone added. (Conditions: SCE
reference electrode, Pt-mesh counter electrode; solution de-aerated with N,). NB: The area of
each electrode was approximately 1-cm’.

Longer-term photolyses were undertaken to assess the impact of ALD stabilization on
photocurrent performance. Photocurrent—time traces, normalized to their respective initial
current spikes, are shown in Figure 5.7b. The photocurrent response for nanoTiO,|-RuP**
decreased to ~57% of the maximum value after two minutes of photolysis with a further decrease
to ~50% after ten minutes. With ALD stabilization in nanoTiO,-RuP**(10-A0), the
photocurrent decreased to ~60% after two minutes but with less than a 1% decrease between two
and ten minutes. This comparison highlights the importance of the ALD overlayer in nanoTiO,|—
RuP?(10-A0) in inhibiting loss of —RuP** from the surface and, with the addition of H>Q, rapid
reduction of -RuP*" to ~RuP*"* in avoiding its decomposition on the surface.'®

By contrast, for the mummy-protected assembly, nanoTiOo|-RuP**(10-AO)-
RuCP(OH,)**(10-A0), the normalized photocurrent response increased from 79% to 85% over

the final eight minutes of illumination. This “breaking in” period arises from hydrolysis of an
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alumina adduct with the catalyst which forms during the ALD process. The adduct forms
following exposure of oxide-bound —-RuCP(OH,)** to pulses of Al(CH3); without subsequent re-
coordination of the aquo as evidenced by a ~1600 cm ' red shift in the visible MLCT Apax from
487 to 530 nm and a noticeable color change on the surface (Figure 5.9, Figure 5.10).

II/11

Subsequent oxidative CV scans through the Ru™"" wave (Figure 5.10c), or photoelectrolysis

cycles, at pH 4.7 in an aqueous sodium acetate buffer (I = 0.1 M; 0.5 M NaClO,), restore the
aquo form of the catalyst, \Ru""CP(OH)*". The photocurrent enhancement is due to an

enhanced rate of H,Q oxidation by the oxidized catalyst compared to —RuP**.*
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Figure 5.9. UV-visible absorption spectra of nanolTO|-RuCP(OH,)*" following a) single pulses

of Al(CHs); in the ALD reactor; and b) a single pulse vs. exposing the slide to AI(CHs3); for 20
seconds. The red shift is attributed to Ru"-OH, — Ru"-OAl(OH),.
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Figure 5.10. Photographs of nanolTO|-RuCP(OH,)*" a) before and b) following exposure to
Al(CHs); in the ALD reaction chamber. ¢) CV scans of nanolTO|-RuCP(OH,)** + 1 Al(CHs);
pulse in 0.1 M sodium phosphate buffer (pH 6.8). The light blue trace is the first scan, while the
dark blue trace is the second scan. The pH-dependent couple is attributed to Ru"-OH,, which is
regenerated by the second scan.

5.2.4. Electrocatalytic water oxidation

Electrocatalytic water oxidation was investigated for nanol TO|-RuP**(10-AO)|—
RuCP(OH,)**(10-A0) with nanol TO|-RuP**(10-A0) as a control with the same cell
configuration as in the photoelectrochemical experiments. Electrolyses were carried out at pH

8.8 sodium phosphate dibasic (I =0.1 M; 0.4 M NaClOy). O, was detected by using a parallel
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collector—generator electrode technique (see Chapter 5.4. Experimental, Figure 5.11) with real-
time detection of O, at —0.61 V vs. NHE.'"*"*® The potential at the working electrode was first
held at 0 V vs. NHE for two hours to simulate the dark-current background and reduce trace O,

in the cell.

FTO - generator
Glass
FTO - collector

Front View Side View Actual

Figure 5.11. Schematic view and photograph of “FTO collector-generator” electrodes.

Water oxidation was initiated by stepping the electrode potential to E,p,p, = 1.4 V vs. NHE,
past E1p = 1.3 V for the —-RuP*"** couple with the electrolysis continued for two hours.

The appearance of a significant catalytic current at E,,, = 1.4 V in the current-time trace
in Figure 5.12 is notable, because the onset potential for water oxidation catalysis by —
RuCP(OH,)** is known to occur at ~1.6 V, near E|, for the —~Ru" (0)**** catalyst couple.” As
found earlier for a surface-bound chromophore-catalyst assembly, the low potential onset may be

due to concerted electron-atom proton transfer with O-atom transfer to a water molecule
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accompanied by single electron transfer to both —RuP** and —Ru"YCP(0)*" and proton transfer

to an external base.®?
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Figure 5.12. (a) Current-time traces for nanoITO|-RuP**(10-A0)|-RuCP(OH,)**(10-AO) with
Esen=1.4V (blue trace) and 0 V vs. NHE (green trace); (b) Background (i.e. Egen =0V vs.

en

NHE)-subtracted current-time traces for the FTO collector electrode for nanoITOJ-RuP**(10-
AO)|-RuCP(OH,)**(10-A0) (blue trace) and nanol TO|-RuP**(10-A0) (red trace), with Eee = -
0.61 V vs. NHE. Cathodic currents arise from O; reduction at the FTO collector electrode
(conditions: pH 8.8, 0.1 M H,PO,/HPO,>; 0.4 M NaClO,; Ref = SCE; Aux = Pt-mesh).

Currents of >60 pA cm > were obtained at E,,, = 1.4 V which slowly decreased to >20
A cm ? over a two-hour period. Water oxidation catalysis was verified by O, detection at the
collector electrode compared to the control sample (Figure 5.12b). Integration of current passed
resulted in a Faradaic efficiency for O, evolution of ~23% with the origin of loss presumably due
to competitive decomposition of the polypyridyl ligand in the —Ru'YCP(0)** form of the catalyst
as reported earlier for a related complex.”

As calculated by Equation 5.4, the turnover frequency (TOF) for water oxidation was
0.014 s ' at Eqpp=1.4 V. In Equation 5.4, Q0 reduction (C) 1 the integrated charge passed for O,

reduction at the FTO collector electrode, I' (mol cm ) is the surface coverage of RuCP(OHy)*",
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F is Faraday's constant (96,485 C mol '), e = 4 is the electrochemical stoichiometry for water
oxidation to O, Neoliection = 0.7 is the collection efficiency at the collector electrode,'’ 4 (cm?) is
the exposed area of the electrode, and 7 (s) is the electrolysis time. This estimate is a lower limit
for water oxidation since surface coverages (I") were evaluated by UV-visible measurements and
not all of the catalytic sites may be electrochemically active due to the Al,O3 overlayer. For
comparison, for a closely related chromophore-catalyst assembly with the same catalyst but
prepared by an electro-assembly technique, the TOF was 0.046 s ' at Eypp = 1.7 V in a pH 4.7
aqueous sodium acetate buffer (I =0.1 M; 0.5 M NaClO,), but with —-Ru¥CP(0)’" as the active

oxidant rather than —-Ru" CP(0)**."°

Equation 5.4

QOZ reduction

TOF =
ncatFAFtncollection

5.2.5. Photoelectrochemical water oxidation

Photoelectrochemical water oxidation was investigated for nanoTiO,|-RuP**(10-A0)|—
RuCP(OH,)**(10-A0) by using the same cell configuration as in hydroquinone dehydrogenation
studies. The experiments were conducted in pH 8.8 sodium dibasic phosphate (I =0.1 M; 0.4 M
NaClO,) with O, detection by the parallel collector—generator technique described earlier.

Short illumination periods (15 minutes) with an intense white light source (~200 mW
cm 2, 380 nm long-pass filter) resulted in the photocurrent responses shown in Figure 5.13 (Egen

=0.64 V; Econ=—0.61 V vs. NHE).
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Figure 5.13. (a) Photocurrent-time traces for nanoTiOz|-RuP2+(10-AO)|-RuCP(OH2)2+(lO-AO)
at the (top) generator electrode and (bottom) collector electrode under illumination (solid traces)
and in the dark (dashed traces) with Ege, = 0.64 V vs. NHE and E.o1 =-0.61 V vs. NHE. (b)
Photocurrent-time traces for nanoTiO,-RuP**(10-A0)|-RuCP(OH,)**(10-A0) at the (top)
generator electrode and (bottom) collector electrode under illumination with Eyen = 0.64 V vs.
NHE and Eo; =-0.61 V vs. NHE (solid traces) or E.o; =—0.06 V vs. NHE (dashed traces)
(conditions: ~200 mW cm™ white light illumination; 380-nm long-pass filter; pH 8.8, 0.1 M
H,PO,/HPO4™; 0.4 M NaClO,; Ref = SCE; Aux = Pt-mesh).

Upon illumination, instantaneous photocurrent is produced at the photoanode (generator)
electrode. A cathodic current is gradually observed at the collector electrode, indicative of O,
reduction following diffusion from the generator. Two control assemblies (a non-ALD-protected
chromophore-catalyst and a chromophore-only photoanode) did not show productive O, current

at the collector electrode (Figure 5.14).
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Figure 5.14. a) and ¢) Photocurrent-time traces for a) nanoTiO,-RuP**(10-AO)|-RuCP(OH,)**
and c) nanoTiO,-RuP**(10-A0) at the (top) generator electrode and (bottom) collector electrode
under illumination (solid traces) and in the dark (dashed traces) with Ey., = 0.64 V vs. NHE and
Eeon=-0.61 V vs. NHE. b) and d) Photocurrent-time traces for b) nanoTiO,|-RuP**(10-A0)|-
RuCP(OH,)*" and d) nanoTiO,|-RuP**(10-A0) at the (top) generator electrode and (bottom)
collector electrode under illumination with Eyep = 0.64 V vs. NHE and Eco =-0.61 V vs. NHE
(solid traces) or Eon = -0.06 V vs. NHE (dashed traces). (Conditions: ~200 mW c¢m™ white light
illumination; 380-nm long-pass filter; pH 8.8, 0.1 M H,PO4/HPO,; 0.4 M NaClOy; Ref = SCE;
Aux = Pt-mesh).

To ensure the cathodic current at the collector electrode was not due to desorbing,
oxidized Ru species, the potential at the collector electrode was raised from —0.61 V to —0.06 V.
A potential of —0.06 V is sufficiently negative to reduce Ru(Ill) — Ru(II), but not sufficient for

O; reduction. As seen in Figure 5.13b, despite similar a similar photocurrent response at the
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photoanode generator, no corresponding cathodic current was observed at the collector electrode,
suggesting that the cathodic current observed previously is not due to diffusing Ru(IIl) species.
An extended photoelectrolysis (6 hours) was performed on the mummified assembly
(Figure 5.15). Under intense white light (~200 mW cm 2, 400 nm long-pass filter), the assembly
showed sustained generator and collector current over the course of the six-hour illumination.
The generator current decayed instantaneously upon shuttering the light, while the collector
current gradually decayed, similar to the current traces observed over shorter time periods.
Integration of the current passed allowed for a comparison of the cumulative Faradaic efficiency

as a function of time (Figure 5.16) by Equation 5.5.
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Figure 5.15. Current-time traces for nanoTiOa-RuP**(10-A0)|-RuCP(OH,)**(10-A0) Egen =
0.64 V and E.o = -0.61 V under illumination. Blue traces (left axis) indicate generator current
under illumination (solid) and in the dark (dotted) while red traces (right axis) indicate collector
current with the same convention. Cathodic current arises from O, reduction at the FTO collector
electrode (conditions: ~200 mW c¢m™ white light illumination; 400-nm long-pass filter; pH 8.8,
0.1 M H,PO,/HPO,”"; 0.4 M NaClOy; Ref = SCE; Aux = Pt-mesh).
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Figure 5.16. Cumulative Faradaic efficiency vs. time trace for nanoTiO,|-RuP**(10-A0)|-
RuCP(OH,)**(10-AO) under white light illumination. (Conditions: ~200 mW cm™ white light
illumination; 400-nm long-pass filter; pH 8.8, 0.1 M H,PO,/HPO,”; 0.4 M NaClOy; Ref = SCE;
Aux = Pt-mesh; Egen = 0.64 V vs. NHE and E,;=-0.61 V vs. NHE).

Equation 5.5

t t

Tl(t) = f jcollector /(O.7X f jgenerator)
0 0

In Equation 5.5, 0.7 is the collection efficiency at the collector electrode, and t is the

time (s) of illumination. Over the course of illumination, the Faradaic efficiency is observed to
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increase, ultimately reaching 16.8% after 6 hours. As a comparison, a recently reported electro-
assembled chromophore-catalyst assembly showed a Faradaic efficiency of 8% for O,
production for light-assisted water oxidation (100 mW cm >, 380 nm cut-off filter after 10
minutes of illumination; 4.8% after 10 minutes in the mummified system).'' This comparison
suggests that mummified/ALD-constructed assemblies compare favorably to chromophore-
catalyst assemblies constructed by other reported methods.

5.3. Conclusions

We describe here a novel procedure for the direct surface preparation of chromophore-
catalyst assemblies based on phosphonate surface binding and ALD deposition of Al,O3
overlayers. It features high surface stability and electronically linked chromophore and catalyst
pairs without covalent bond formation with an ALD mummy strategy for stabilizing the surface-
bound chromophore. Although electron transfer is inhibited on the ALD stabilized surfaces, they
do undergo injection and assembly oxidation with sustained photocurrents observed in a DSPEC
with added hydroquinone. Electrocatalytic water oxidation is also observed for the mummy
assembly with sustained catalytic currents at applied potentials below those required for
oxidation of the catalyst to —Ru"CP(0)’*, apparently by intervention of a concerted electron-
atom transfer pathway observed earlier in a covalently linked assembly. Light-assisted water
oxidation catalysis has been observed over a continuous six-hour illumination period.
Experiments incorporating a more active catalyst are currently underway.

5.4. Experimental
5.4.1. Materials and methods

Materials. De-ionized water was further purified using a Milli-Q Ultrapure water
purification system. Additional solvents, hydrochloric acid, and glacial acetic acid were

purchased from Fisher Scientific and were used as received. Sodium acetate, sodium phosphate
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(monobasic, anhydrous), and sodium phosphate dibasic (anhydrous) were purchased from
Sigma-Aldrich, were ACS Reagent grade or better, and were used as received.
[Ru(Mebimpy)(CI)(n-C1)]> (Mebimpy = 2,6-bis(1-methyl-1H-benzo[d]imidazol-2-yl)pyridine), "
4,4’-dpcbpy,> cis-[Ru(2,2’-bipyridine)»(Cl),],” and 4,4’-((EtO)(0)P),-2,2’-bipyridine® were
synthesized according to literature protocols. Fluorine-doped tin oxide (FTO, 15 Q per square
sheet resistance) was purchased from Hartford Glass (Hartford City, IN) and was cleaned by
sonication in ethanol (20 min), 0.1 M HCl in ethanol (20 min), and ethanol (20 min) prior to use.

5.4.2. Synthesis of molecular complexes

Synthesis of RuP’*** In a 100-mL Teflon microwave vessel, cis-[Ru(2,2’-
bipyridine),(Cl);] (227 mg, 4.69x 10 mol) and 4,4°-((EtO)2(0)P),-2,2’-bipyridine (201 mg, 4.69
x 10" mol) were suspended in water (17 mL). The vessel was placed in a microwave reactor
where, following a 5-minute ramping period, it was heated at 140 °C for 10 minutes. The
pressure of the vessel did not exceed 300 PSI. The vessel was allowed to cool to room
temperature. The suspension was filtered through a Millex GP PES Membrane (0.22 um). The
solvent was removed from the filtrate on a rotary evaporator. The residue was stirred in refluxing
4 M HCI overnight. The solvent was removed on a rotary evaporator. The resulting residue was
triturated with ether and collected over a glass frit. The orange-red precipitate was washed with
ether and collected (339 mg, 4.23 x 10™ mol, 90%).

The "H NMR spectrum matched that of a previously reported sample.

Analytical HPLC (75:25 water:methanol) of the sample indicated > 95% purity, with the
likely impurity being [Ru(2,2’-bipyridine);][Cl],, which should not bind to metal oxide electrode
surfaces.

Synthesis of RuCP(OH2)****>* In a 100-mL Teflon microwave vessel, [Ru(2,6-bis(1-

methyl-1H-benzo[d]imidazol-2-yl)pyridine)(C1)]2[Cl]> (41.2 mg, 4.03 x 10” mol) and 4,4’-
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dpcbpy (27.8 mg, 8.08 x 10” mol) were suspended in ethanol (20 mL) and water (10 mL). The
vessel was briefly subject to sonication (~1 minute). The vessel was placed in a microwave
reactor where, following a 5-minute ramping period, it was heated at 160 °C for 30 minutes. The
pressure of the vessel did not exceed 300 PSI. The vessel was allowed to cool to room
temperature. The solution was filtered. From the filtrate, the solvent was removed on a rotary
evaporator. The residue was dried under vacuum overnight. To the residue, anhydrous methylene
chloride (50 mL) was added. The suspension was de-aerated with argon for 15 minutes. With a
vent needle in place and under continuous flow of argon (CAUTION: HCI gas is evolved),
trifluoromethanesulfonic acid (1.8 mL) was added slowly. The reaction immediately releases
HCI (gas). The reaction stirred at room temperature overnight (note: the flow of argon was high
enough to vent HCI but low enough as to not evaporate methylene chloride over the time of the
experiment). Following the reaction, diethyl ether was added to precipitate the solid, which was
collected on a glass frit and washed with diethyl ether (62.4 mg, 5.67 x 10 mol, 70%). The 'H
NMR spectrum matched that of a previously reported sample. Analytical HPLC (40:60
water:methanol) of the sample revealed three product peaks; however the UV-visible absorption
spectrum of each peak was identical.

Complex Loading. Methanol solutions (~1 mM) of RuP** and RuCP(OH,)*" were used
for complex loading. Electrodes (nanolTO or nanoTiO,) were placed in the solutions to load
complexes, typically overnight. Following loading, the electrodes were rinsed with methanol and
dried under a stream of air or N,. Surface coverage was determined using the background-
subtracted absorbance values from UV-visible absorption spectra and the following equation: I

= A() x (g(1) x 1000)™.
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5.4.3. Nanoparticle TiO; films (nanoTiO;)

33,34 .
" Nanoparticle paste was

Nanoparticles of TiO, were prepared as described previously.
spread on FTO glass using the doctor-blade method with 1 layer of Scotch tape. Film thicknesses

were approximately 4 um thick.

5.4.4. Nanoparticle ITO films (ranolTO)

Nanoparticles of tin-doped indium oxide (ITO, TC8 DE; 20 wt% dispersion in ethanol)
were purchased from Evonik Industries and were prepared as described previously.>
Nanoparticle paste was spread on FTO glass using the doctor-blade method with 1 layer of
Scotch tape. Film thicknesses were approximately 4 pm thick.

5.4.5. BET measurements

The mean pore sizes of nanolTO and nanolTO(20-AO) were determined using BET
desorption isotherms. The electrodes were cut into small (~0.07 cm?) pieces and placed in a BET
sample bulb. The nanolTO nanoparticles were not removed from the FTO glass substrate so as to
preserve the pore structure, while all glass scoring was made to the backside of the FTO glass
substrate. Approximately 8 g of material (which represents a projected area of ~8 cm”) was
placed in the sample bulb and was heated to 140 °C under vacuum for 22 hours using a
Quantachrome NOVA 200 system. The samples and sample bulbs cooled to room temperature,
after which they were back-filled with helium. Given the majority of the sample mass was FTO
glass, specific surface area measurements were not revealing. Using the desorption isotherms
with 0.6 < P/P, < 0.95, the pore size distribution was determined by Barrett—Joyner—Halenda
(BJH) analysis. The mean pore sizes for nanolTO and nanolTO(20-A0O) were 36 nm and 31 nm,

respectively.
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5.4.6. Atomic layer deposition (ALD)

ALD was performed by using a Cambridge NanoTech Savannah S200 ALD system
located in the Chapel Hill Analytical and Nanofabrication Laboratory (CHANL) cleanroom. The
reactor was set at 150 °C. Prior to deposition, samples sat in the reactor under continuous
nitrogen purge (99.999%, further purified using an Entegris GateKeeper Inert Gas Purifier) at
150 °C for a minimum of 10 minutes. Each deposition cycle consisted of a 0.02 s pulse of
trimethylaluminum (AI(CHj3)s, 97% purity), a 20 s exposure in the reactor, a 60 s purge, a 0.02 s
pulse of water, a 20 s exposure in the reactor, and a 60 s purge.

5.4.7. FTO collector—generator electrodes

Dual working electrodes were constructed by adapting a technique developed by
Mallouk.'"*’ Thin strips of non-conductive glass (~2—3 mm wide, 1 mm thick) were applied to
working electrodes (nanoTiO; or nanolTO) using epoxy (Loctite Hysol E-00CL) and allowed to
cure. FTO was then attached using epoxy such that the conductive side of each electrode faced
inward (Figure 5.11). The electrolytic solution is drawn between the working electrodes by
capillary action.

5.4.8. Electrochemistry

Cyclic voltammetry (CV) and current—time measurements were performed with a CH
Instruments potentiostat (model 601D or 660D) or bipotentiostat (model 760E). Typically, a two-
compartment glass cell (working electrode and reference/counter electrodes separated by a fine-
porosity glass frit) was used. The reference electrode was Ag/AgCl (3 M NaCl, £E=0.2 V vs.
NHE). The counter electrode was Pt metal (wire or mesh).

5.4.9. Spectroelectrochemistry

Spectroelectrochemical measurements were performed in a one-compartment glass

cuvette with a Ag/AgCl (3 M NaCl) reference electrode and a Pt metal mesh counter electrode.
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The reference and counter electrodes were placed behind the working electrode such that contact
was made with the non-conductive glass. The working electrode (nanolTO) was placed at a 45°
angle to the path of the beam. UV-visible absorption spectra were collected with an Agilent 8453
UV-visible photodiode array spectrophotometer. The potential of the working electrode was
stepped from —0.2 V to 1.5 V vs. Ag/AgCl (3 M NaCl) with a potential step every 0.02 V. The
potential at each step was held for 180 s to achieve equilibrium. Redox potentials were obtained
by fitting using SPECFIT/32 software.

5.4.10. Electrocatalysis

Electrocatalytic water oxidation experiments were conducted in a two-compartment cell
with the working electrode (nanolTO-FTO dual electrode, see above) and reference (SCE, E =
0.24 V vs. NHE)/counter (Pt mesh) electrodes separated by a Nafion membrane. A bipotentiostat
(CHI 760E) was used to poise the potential of the working generator (nanoITO) electrode at a set
potential while the working collector (FTO) electrode was poised at —0.61 V vs. NHE for in situ
reduction of O, as it formed. Prior to electrocatalysis, the buffer solution (pH 8.8, 0.1 M
H,PO4 /HPO,* in 0.4 M NaClO,) was deaerated with N, for ~15 min. A positive stream of N;
was maintained in the headspace to avoid atmospheric O, diffusion into the solution. The
potential of the working generator electrode was poised at 0 V vs. NHE for two hours to
approximate a dark current trace before immediately stepping the potential to 1.4 V vs. NHE for
two hours. Currents were normalized for the geometric areas of the working electrodes.

5.4.11. Photoelectrochemistry (hydroquinone)

Photoelectrochemical experiments were conducted in a two-compartment cell with the
working electrode (nanoTiO,, working area defined by Hysol E-O0CL epoxy) and reference
(SCE, E =0.24 V vs. NHE)/counter (Pt mesh) electrodes separated by a Nafion membrane. A

bipotentiostat (CHI 760E) was used to poise the potential of the working electrode (0.24 V vs.
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NHE) to maximize hydrogen evolution at the counter electrode. Prior to illumination, the buffer
solution (pH 4.7 HOAc/NaOAc, 0.1 M; 0.5 M NaClO,4 supporting electrolyte) with added
hydroquinone (0.02 M) was de-aerated with N, for ~15 min. A positive stream of N, was
maintained in the headspace to avoid atmospheric O, diffusion into the solution. [llumination
was provided by a Thor Labs HPLS-30-04 light source. Samples were positioned to receive ~100
mW cm* (1 sun, 400 to 700 nm) with the light intensity determined with an Oriel Instruments
91150V reference cell. A 400 nm long-pass filter was used to prevent direct bandgap excitation
of nanoTiO,. Preliminary experiments were simple “off—on” illumination cycles with 30 s
intervals of dark followed by illumination. Dark and light J-V curves were also obtained at a
scan rate of 5 mV s”'. Continuous illumination was performed for 10 minutes. The photocurrent
data were normalized to the initial current spike and for the area of nanoTiO; illuminated.

5.4.12. Photoelectrochemistry (water oxidation)

Photoelectrochemical experiments for water oxidation were conducted in a two-
compartment cell with the working electrode (nanoTiO,, working area defined by Hysol 608
epoxy) and reference (SCE, E = 0.24 V vs. NHE)/counter (Pt mesh) electrodes separated by a
Nafion membrane. A bipotentiostat (CHI 760E) was used to poise the potential of the working
electrode (0.64 V vs. NHE, 1.16 V vs. RHE) to maximize hydrogen evolution at the counter
electrode. Prior to illumination, the buffer solution (pH 8.8 NaH,PO4/Na,HPO4, 0.1 M; 0.4 M
NaClO, supporting electrolyte) was de-aerated with N, for ~15 min. A positive stream of N, was
maintained in the headspace to avoid atmospheric O, diffusion into the solution. Illumination
was provided by a Thor Labs HPLS-30-04 light source. Samples were positioned to receive ~200
mW cm (2 sun, 400 to 700 nm) with the light intensity determined with an Oriel Instruments

91150V reference cell. For short illumination periods (15 minutes), a 380 nm long-pass filter was
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used to maximize the photoelectrochemical activity. For long illumination periods (2—6 hours), a
400 nm long-pass filter was used to prevent direct bandgap excitation of nanoTiO,.

5.5. Acknowledgements

This material is based upon work solely supported as part of the UNC EFRC: Center for
Solar Fuels, an Energy Frontier Research Center funded by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences under Award Number DE-SC0001011.
A.M.L. acknowledges a graduate fellowship supported by the Department of Defense (DoD)
through the National Defense Science & Engineering Graduate Fellowship (NDSEG) Program.
The authors would like to acknowledge Dr. Bob Geil for assistance with ALD and Dr. Amar
Kumbhar for assistance with imaging in the Chapel Hill Analytical and Nanofabrication
Laboratory (CHANL).

5.6. Associated Content

Associated content, including SEM images and CVs, can be found in Appendix C.
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CHAPTER 6: TRANSIENT ABSORPTION SPECTROSCOPY AND DEVICE
CHARACTERIZATION FOR RU(I) POLYPYRIDYL-DERIVATIZED
CORE/SHELL PHOTOANODES '

6.1. Introduction

Dye-sensitized photoelectrosynthesis cells (DSPECs) offer a solution to solar energy
storage by integrating molecular chromophores and catalysts with mesoporous films of wide
bandgap oxide semiconductors for light-driven water splitting and carbon dioxide reduction.'” In
the simplest case of water splitting, the overall reaction can be divided into two half-reactions:
water oxidation at a photoanode (Equation 6.1) and proton reduction at a photocathode

(Equation 6.2).

Equation 6.1
2H,0 — O, +4H" + 4e”

Equation 6.2
4H' +4e” — 2H,

At the photoanode in a water-splitting DSPEC, oxidation of the catalyst must occur prior
to water oxidation. Activation of the catalyst is typically achieved through a series of charge
transfer events.’ First, a molecular chromophore bound to a wide bandgap semiconductor (e.g.

TiO,, SnO,) absorbs a photon of light, forming a photo-excited state. Electron transfer (a.k.a.

" This chapter presents work for a manuscript in preparation with co-authors Melissa K. Gish,
M. Kyle Brennaman, Byron H. Farnum, Joseph L. Templeton, Thomas J. Meyer, and John M.
Papanikolas.
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electron injection) can occur from the photo-excited chromophore to the conduction band of the
semiconductor, leaving the chromophore oxidized. Hole transfer, or oxidation of the molecular
catalyst by the chromophore, can now occur. For O, production, this sequence of events must
occur four times. The injected electrons can either diffuse to the back contact of the mesoporous
semiconductor film or recombine with oxidized molecular species, a deleterious process known
as back electron transfer (BET). BET limits the efficiency of DSPEC water oxidation
photoanodes by preventing the necessary accumulation of four holes on the catalyst; it is also
thought to limit efficiency in dye-sensitized solar cells (DSSCs), which require only single-
electron transfer events rather than charge accumulation.* Despite rapid excited-state electron
injection and charge transfer among molecular species bound to TiO, nanoparticles (E, = —0.15
V vs. NHE at pH 1), BET to the oxidized catalyst still occurs on the microsecond timescale at pH
1.67

Core/shell oxides are one method for inhibiting BET to oxidized molecules on
photoanodes. In a core/shell structure, an underlying material (core) is physically coated with
another material. If each material (core and shell) is a distinct metal oxide semiconductor,
misalignment of their conduction band edges creates an energy gradient at their interface. This
design principle is derived from Nozik’s “photochemical diode” in which two semiconductors
with mismatched conduction band edges are sandwiched together, forming a rectifying junction.®
In DSPEC photoanodes, it is advantageous for E¢(core) to be more positive than that of
Ep(shell), an arrangement that promotes electron transfer from shell to core (Figure 6.1a). The

electron effectively becomes “trapped” in the core, leading to long-lived charge separation.
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SN
1) Light-absorption

- 2) Excited-state decay
TiO, 3) Electron injection (shell)
4) Electron injection (core)
Sno, 5) BET (shell)

6) BET (core)

Shell
c)

Core

Figure 6.1. a) Schematic depiction of the photophysical processes of excitation and charge
transfer occurring at the chromophore-SnO,/Ti0; core/shell interface with excitation and
forward electron transfer indicated with green numbers and excited-state decay and back electron
transfer indicated with red numbers (adapted from reference 9); b) Molecular structure of RuP**;
c¢) Schematic depiction of physical core/shell structure.

One commonly employed core/shell structure utilizes a SnO, core and TiO, shell. While

10,11

formation of the TiO, shell has historically been performed by chemical deposition, - recently

atomic layer deposition (ALD) has allowed for low temperature deposition of conformal,

5,12,13

thickness-controlled shells in high aspect ratio structures. Transient absorption spectroscopy

on the nanosecond timescale has been used to investigate the mechanism of charge
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recombination in nanoSnO,/Ti0; core shell structures derivatized with the molecular
chromophore [Ru(2,2’-bipyridine)(4,4’-dpbpy)][Cl]> (RuP**, Figure 6.1b; 4,4’-dpbpy = [2,2’-
bipyridine]-4,4’-diylbis(phosphonic acid)).” In this report, recombination of the injected electron
with the oxidized dye occurs by electron tunneling through the TiO, for shells less than 3.2 nm
thick. For thicker shells, direct recombination from the TiO, shell is observed. Despite these
promising conclusions, ultrafast transient absorption spectroscopy data for electron injection and
recombination with core/shell structures are needed to corroborate the proposed mechanism.

Herein we investigate the electron injection and recombination kinetics from the 250 fs to
ms timescale following 480-nm laser excitation of RuP**-derivatized nanoSnO,/TiO, core/shell
electrodes in 0.1 M HClOy. Our results suggest that an ultrafast BET pathway is accessible for
nanoSn0,/TiO,|-RuP*" core/shell electrodes with TiO, shells between 1 and 2 nm thick;
however this pathway is not evident for thin (<0.5 nm) shells. Annealing these photoanodes prior
to dye loading resulted in a diminished contribution of the ultrafast BET pathway, suggesting the
structure and composition of the TiO; shell plays a major role in charge separation lifetime on
nanoSn0,/Ti0, core/shell photoanodes.
6.2. Results and Discussion
6.2.1. Construction of Core/Shell Electrodes

Core/shell electrodes were constructed by performing ALD of TiO, on mesoporous metal
oxide films. The thickness of the TiO; shell was controlled by varying the number of
TiTDMA/H,O cycles. Shell thickness was estimated by ellipsometry measurements performed
on witness Si. Growth characterized for individual electrodes was less than expected; however
across all samples the slope (thickness/cycles) was approximately the expected 0.6 A cycle™

(Figure 6.2)."*" Slow growth could be attributed to the low temperature (150 °C) used for
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deposition.'® Electrodes were not annealed following TiO, deposition (unless otherwise

indicated), resulting in amorphous, slightly colored TiO, shells."’

2 ¢ Expected A4
® Observed I
—Observed (Linear Fit)
1.5 1 L 4

y = 0.0552x - 0.1165
R?=0.97839

TiO, Thickness (nm)

o
(3]
i 1 A

0 5 10 1 20 25 30 35

TiTDMA/H,O (Cycles)
Figure 6.2. Plot of expected (blue diamonds) and observed (red squares) TiO, thickness as a
function of TITMDA/H,O cycles as determined by ellipsometry on planar Si. The red line is a

linear fit of the observed data. (conditions: Tieactor = 150 °C, Trirpma = 75 °C; each reactant was
held in the chamber for 20 s, then purged for 60 s)

The molecular chromophore RuP?* was synthesized as its chloride salt by literature
procedures.'® Dye loading was achieved by soaking the desired electrode in a methanol solution
of RuP*" (~1 mM) overnight, followed by rinsing with methanol and drying under a stream of
air. The amount of RuP** loaded onto the core/shell electrodes was determined using UV-visible

absorption spectroscopy and Equation 6.3 by subtracting the nanoMO,/Ti0O, background
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spectrum from the nanoMO,/TiO,|-RuP*" absorption spectrum.'® For the unannealed
nanoSn0,/TiO,-RuP*" electrodes, T(RuP*") = (5.6 + 0.8) x 10™® mol cm™. For the unannealed
nanoZrO,/TiO,-RuP*" electrodes, (RuP*") = (5.1 + 0.7) x 10™® mol cm™. These data suggest

that similar amounts of RuP?" are adsorbed to the core/shell electrode films.

Equation 6.3
'=AQ) x (g(1) x 1000)"

6.2.2. Electron Injection Results

The kinetics and apparent relative yields of electron injection of RuP**" on core/shell
electrodes of both nanoSn0,/Ti0, and nanoZrO,/TiO; as a function of TiO; shell thickness (0 to
1.8 nm) in argon-deaerated 0.1 M HCIO4 were investigated by transient absorption spectroscopy.
Following 480-nm excitation (100 nJ/pulse, 150-fs pulse width), the differences between the
white light absorption spectrum with and without excitation (i.e. pump on and pump off) were
monitored from 200 fs to 1.3 ns. There are two main features of the transient absorption
spectrum of RuP**" on TiO: a positive feature for a bpy™ radical (Amax = 380 nm) and a negative
ground state bleach (GSB; Amax = 450 nm) corresponding to the MLCT transition of RuP**
(Equation 6.4).* Injection of photo-excited electrons into the semiconductors’ conduction bands
was evaluated by monitoring the n-n* absorption feature of the reduced bpy ligand characteristic
of the excited state of RuP*”, namely RuP**", at 376 nm. Excited-state electron injection occurs
from the surface-bound 4,4’-dpbpy” ligand (Equation 6.5),”' causing the bpy" absorbance to
decay as injection occurs. The GSB intensity is maintained throughout the injection process

because the metal center remains oxidized. The pump wavelength used in all transient absorption
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experiments (Apump = 480 nm) was chosen to minimize direct excitation of TiO, by a high-energy

visible absorption apparent in the films upon deposition of TiO; via the TITDMA precursor.

Equation 6.4
MOy|-Ru"(4,4’-dpbpy)(bpy).>" + hv — MOJ-Ru"'(4,4’-dpbpy )(bpy).>"

Equation 6.5
MO;|-Ru""(4,4*-dpbpy™)(bpy)"" — MOx(e")|-Ru'"(4,4’-dpbpy)(bpy).”*

Normalized transient absorption kinetics for nanoZrQ,/TiO,|-RuP** as a function of TiO,
shell thickness (from 0 nm to 1.3 nm) are shown in Figure 6.3. The kinetic data were fit to a
biexponential decay function (Equation 6.6) and the fit parameters are summarized in Table 6.1.
In Equation 6.3, 7, and 1, represent the lifetimes of fast and slow components of decay,
respectively, A; and A, their relative contributions to decay, and y, the offset for absorption by
the bpy ™, or presumably where the 7, value of absorption lies.

In the simplest case of nanoZrO,|-RuP** (Figure 6.3, light blue squares), a positive
feature is observed at Aprobe = 376 nm following laser excitation. After ~1.2 ns, approximately
80% of this feature is maintained. For a related [Ru(bpy)s]*-like complex surface-bound to
nanoZrO,, a single-exponential decay function fit the offset (yo) to 0.87 (Table 6.1).% In
contrast, for nanoTiO,|-RuP?*" under similar conditions, this same positive feature decays below
AA =0 in under 100 ps.* The large, positive offset fit values for nanoZrO,-RuP*"" suggests
minimal excited-state electron injection from RuP**” to the conduction band of nanoZrO,.

RuP**" does not have sufficient energy to inject into the conduction band of ZrO,, which is
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positioned about —1 V vs. NHE at pH 1. The excited-state oxidation potential for RuP**",

E°'(Ru™™), is —0.76 V vs. NHE."

1.0F o zro, ZrO, Core-
4 Il
< b “a
< 055 v “% 0.11 nm
O v
N
= X ° v
© by o 0.34 nm
é 0.0 ;, " N ¢
o - Fm ™ ™ T{gEy= = = = = = = == "=-=®=®=®=="===®=™="=:-
Z AA 0.87 nm
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0.5 . .
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Figure 6.3. Normalized transient absorption kinetics for nanoZrO,/TiO,|-RuP?** as a function of
TiO, shell thickness monitored at Aprobe = 376 nm. (conditions: 0.1 M HClO4; Apymp = 480 nm;
100 nJ/pulse)

Equation 6.6

X X

y=vo+Ae 11+ Ae T2
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Table 6.1. Summary of Biexponential Fit Parameters for nanoZrO,/TiO,|-RuP** Monitored at
Aprobe = 376 nm Following Apump = 480 nm Laser Excitation as a Function of TiO, Thickness

TiO, Shell Lifetime (ps)
Thickness (nm) Yo At Az T T
0* 0.9(0.12) 0.03(0.02) - 10(17.6) -
0.11 0.24(0.058)  0.27(0.039) 0.42(0.037) 40(10.6) 600(218.8)
0.34 0.06(0.016)  0.37(0.038) 0.46(0.032) 30(4.69) 300(52.9)
0.87 —0.20(0.015)  0.45(0.068) 0.62(0.060) 18(3.88) 190(30.1)
1.3 —0.33(0.019)  0.58(0.062) 0.65(0.064) 22(3.91) 220(40.1)
nanoTiO,“ —0.3(0.14) 0.6(0.31)  0.69(0.03) 19(1.5) 200(18.5)

“ Data for a related complex from reference

As the thickness of the TiO; shell increases on nanoZrO,/TiO,|-RuP?**, the fast and slow
components of decay lifetime tend to decrease. For the thinnest (0.11 nm) TiO; shell
investigated, 1, = 40.4 ps and 1, = 586.8 ps; for the thickest (1.3 nm) TiO, shell investigated, 1, =
21.7 ps and 1, = 220.5 ps. Additionally, the offset value decreases as TiO; shell thickness
increases, from 0.87 for bare nanoZrO; to —0.325 for nanoZr0O,/TiOy(1.3-nm). In fact, all
modeled decay parameters for nanoZrO,/TiOs(1.3-nm)-RuP?** closely resemble those fit for a
related [Ru(bpy)s]*"-like complex surface-bound to bare nanoTiO, (Table 6.1).*

Normalized transient absorption kinetics for nanoSnO,/TiO,-RuP*" as a function of
TiO; shell thickness (from 0 nm to 1.8 nm) are shown in Figure 6.4. The kinetic data were fit to
a biexponential decay function (Equation 6.6) and the fit parameters are summarized in Table
6.2. As with nanoZrOz/TiOz|-RuP2+ electrodes, laser excitation produces an excited state at Aprobe
= 376 nm, which then decays over time. For the simplest case of nanoSnO,|-RuP?**, both lifetime

components are fast (t; = 4 ps; 12 = 25 ps), and the offset is negative (yo = —0.422). These data
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represent a rapid disappearance of Ayrobe = 376 nm absorbance with an ultimate bleach of the

bpy .
10l SnO, Core |
Aprobe = 376 Nm
b
- 05 .
N
.c__u 1.8 nm
£ '-‘Yim 1.3 nm
P~ OO}l E- A Wag------ - - > -
2 ' ° 0.87 nm
s ' 0.34 nm
]
0.1 nm
< L
05 ¢, < e 1sno,
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Figure 6.4. Normalized transient absorption kinetics for nanoSnO,/TiO,|-RuP?** as a function of
TiO; shell thickness monitored at Aprobe = 376 nm. (conditions: 0.1 M HClO4; Apymp = 480 nm;
100 nJ/pulse)
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Table 6.2. Summary of Biexponential Fit Parameters for nanoSnO,/TiO,-RuP*" Monitored at
Aprobe = 376 nm Following Apump = 480 nm Laser Excitation as a Function of TiO, Thickness

TiO; Shell Lifetime (ps)
Thickness Yo Aq Ay
(nm) T T2
0 —0.422(0.006)  0.86(0.059)  0.60(0.061) 3.8(0.31) 25(3.2)
0.11 —-0.4° 0.70(0.088) 0.61(0.90) 27(6.1) 290(62.9)
0.34 —0.239(0.0097)  0.51(0.036)  0.67(0.034) 21(2.2) 210(19.5)
0.87 0“ 0.33(0.044)  0.63(0.045) 27(6.3) 290(30.2)
1.3 0.06(0.016) 0.29(0.037)  0.62(0.032) 22(4.7) 280(36.1)
1.8 —0.008(0.025)  0.39(0.060)  0.58(0.050) 28(6.7) 300(64.3)

“ Parameter fixed prior to fit.

Upon addition of TiO, (0.11 to 1.8 nm), both lifetimes increase (t; > 20 ps; 12 > 200 ps);
however, there is not a trend of increase as the TiO; shell thickness increases. Instead, the
relative contributions (A and A,) of each component appear to change as TiO; shell thickness
increases. Contribution of the slow component (A;) remains between 0.6 and 0.7 across all shell
thickness values; contribution of the fast component (A ;) decreases as the shell thickness
increases. Additionally, the offset value yo appears to increase as TiO; shell thickness increases.

The effects of annealing the core/shell electrodes prior to dye loading on the decay
kinetics at Aprobe = 376 nm were also investigated. Films of both nanoSnO, and nanoZrO, were
derivatized with TiO (0.34 and 0.87 nm thick shells) and annealed under ambient atmosphere at
450 °C (30 minutes; 45-minute ramp to temperature; multiple-hour cool down). The films were
then loaded with RuP** and the decay kinetics at Aprobe = 376 nm were monitored following laser
excitation at A,ump = 480 nm, fit to a biexponential decay function (Equation 6.6), and compared

to unannealed electrodes with similar TiO; shells (Table 6.3, Figure 6.5).
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Table 6.3. Summary of Biexponential Fit Parameters for nanoMO,/TiO,|-RuP** Monitored at
Aprobe = 376 nm Following Apump = 480 nm Laser Excitation with Annealed Electrodes

TiO; Shell Lifetime (ps)
Thick Yo A1 Az
ickness (nm) T T
SnoO, 0.34 —-0.50(0.0136)  0.72(0.041)  0.65(0.037) 23(2.0) 250(29.1)
core
0.87 0“ 0.64(0.046)  0.62(0.043) 22(2.5) 230(30.6)

70, 034 0.08(0.0155)  0.37(0.045)  0.48(0.040)  22(4.3)  250(45.7)

core
0.87  -0.30(0.0123)  0.59(0.052)  0.67(0.050)  15(22)  170(20.4)

“ Parameter fixed prior to fit.
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Figure 6.5. Normalized transient absorption kinetics for a) nanoSn0O,/Ti0,(0.87-nm)|-RuP**;
and b) nanoZrO,/Ti0,(0.87-nm)|-RuP** for unannealed (red squares) and annealed (black
squares) photoanodes. (conditions: 0.1 M HClO4; Apymp = 480 nm; Aprobe = 376 nm; 100 nJ/pulse;
annealing conditions: 450 °C for 30 minutes, following 45-minute ramp)

The decay traces for a 0.87-nm thick TiO; shell on both nanoSnO, and nanoZrO, are
shown in Figure 6.5 for both annealed and unannealed films. Qualitatively, decay appears to
occur more rapidly following annealing for a nanoSnO, core, but remains relatively unchanged

following annealing for a nanoZrO, core. The AA value for nanoSnO,/Ti04(0.87-nm)|-RuP*
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electrode is approximately 0 after 1.2 ns for the unannealed film, but drops to approximately —
0.35 for the annealed film, similar to the yo fit parameter for a related [Ru(bpy)s]**-like complex
surface-bound to bare nanoTiO; (=0.34).%

6.2.3. Electron Injection Discussion

Decay of absorbance at Ayrobe = 376 nm suggests excited-state electron injection from
RuP?*" into the conduction band of the metal oxide semiconductor or excited-state relaxation of
RuP**" back to RuP*". Decay kinetics for nanoZrO,|-RuP** highlight that relaxation occurs
slowly relative to excited-state electron injection, because injection does not occur for RuP**" on
ZrO,. As increasing amounts of TiO, are deposited on nanoZrO,, excited-state electron injection
becomes more favorable as demonstrated qualitatively by the decrease in yg as TiO, thickness
increases for nanoZrO,/TiO,-RuP*.

Excited-state electron injection for RuP**" is rapid on nanoSn0O,, with injection time
constants of 1| = 4 ps and 1, = 25 ps. Deposition of TiO, shows the rate of injection, but not
gradually; instead both time constants increase (t; > 20 ps; 12 > 200 ps) for shells between 0.11
and 1.8 nm thick. The relative contribution of each injection time constant does change
gradually, with the t; becoming a smaller contributor as TiO, thickness increases. The time
constants are similar to those reported for a related [Ru(bpy)s]*"-like complex surface-bound to
bare nanoTiO; (T, = 19.3 ps; T, = 201.7 ps).>* The similarity of these times suggests that RuP**"
injects into TiO; states on nanoSnO,/Ti0O; core/shell electrodes.

The increase in offset value, yo, as TiO; shell thickness increases is surprising, especially
given the offset value of —0.34 for nanoTiO,-RuP?**. It suggests that the apparent injection yield
decreases with increasing thickness of TiO, compared to nanocrystalline films, where ®;nj= 1.0

21,24

for nanoSnO; and nanoTiO,.”~" However, it is important to note that a superposition of the

oxidized chromophore and the ground state exists at Ayrobe = 376 nm. We have demonstrated that
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apparent injection yield increases on nanoZrO,/TiO, core/shell electrodes with increasing
thickness so this process should not be hindered on a nanoSn0O,/TiO, core/shell where the
excited-state oxidation potential of RuP** is sufficient to inject into either the core or the shell.
Instead, it is possible that the ground-state chromophore is restored faster on the nanoSnO,/TiO,
core/shell than on nanoTiO, or nanoSnO; alone. A possible explanation for this phenomenon is
ultrafast BET following electron injection. Ultrafast BET could occur if electron injection does
not occur exclusively into the conduction band of the TiO; shell, but into surface-localized trap
states with energy levels positive to that of the TiO, conduction band. The existence of these trap
states is plausible for several reasons: TiO, deposited by ALD tends to be amorphous,'” TiO,
deposited specifically using the TITDMA precursor is known to be hole-conducting possibly due

25-28

to low-energy, mid-bandgap trap states, and the TiO, shells exhibit a visible, high-energy
coloration that could be caused by excitation from the TiO, valence band to mid-bandgap states
positive that of the conduction band. Electron injection to these trap states could hinder or
prevent electron diffusion to remote surface sites; in this scenario, BET to the oxidized
chromophore could be rapid due to the proximity of the surface-localized electron and RuP**.

Annealing the electrodes at 450 °C results in a phase transition from amorphous to
anatase.”””’ Annealing the TiO, deposited from the TITDMA precursor has also been shown to
diminish the hole-conducting properties of the TiO,, which likely removes the mid-bandgap trap
states.”® Removal of the mid-bandgap trap states allows for electron diffusion from the site of
injection to remote surface sites.

Comparison of the normalized transient absorption kinetics for annealed and unannealed

films of nanoSn0,/Ti04(0.87-nm)|-RuP*" (Figure 6.5) suggests improved charge separation for

the annealed films. However, this improvement does not appear to be due to a change in surface
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states. No difference in decay kinetics is observed for annealed or unannealed
nanoZr0,/Ti0,(0.87-nm)|-RuP?** electrodes. Therefore, the improvement observed for
nanoSn0,/Ti0; could be due to improved interaction of materials along the SnO,/Ti0; interface.

6.2.4. Recombination Results

The recombination kinetics of RuP** on core/shell photoanodes of both nanoSn0,/TiO,
and nanoZrO,/Ti0O; as a function of TiO, shell thickness (0 to 1.8 nm) following 480 nm (100
nJ/pulse, 150 fs pulse width) excitation in argon-deaerated 0.1 M HCIO4 were investigated by
transient absorption spectroscopy. Monitoring was performed at Ayrope = 430 nm, which
corresponds to the ground-state bleach of the RuP** MLCT.*! This bleach is maintained on
nanoTiO, and nanoSnO, following electron injection from the 4,4’-dpbpy” to the semiconductor

. . . g +
conduction band, because the chromophore remains oxidized (as Ru'"'P*

). The disappearance of
the bleach can be attributed to reduction of RuP** to RuP** i.e. to the restoration of the ground-
state chromophore.

Normalized transient absorption kinetics for nanoZrOz/TiOz|-RuP2Jr as a function of TiO,
shell thickness (0 to 1.3 nm) are shown in Figure 6.6. The kinetic data were fit either to a
triexponential decay function (Equation 6.7) or to a biexponential decay function (Equation
6.6), and the fit parameters are summarized in Table 6.4. In Equation 6.7, t; represents a
lifetime of recombination, A; represents its relative contribution to recombination, and yo

represents the offset (or 7. value) of absorbance at Ayrope = 430 nm. In all cases, yo was fixed at 0,

as decay should occur to baseline.
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Figure 6.6. Normalized decay kinetics vs. pump-probe time monitored at 430 nm for
nanoZrO,/TiO,-RuP*" as a function of TiO, shell thickness (0 to 1.3 nm). The numeric labels in
the figure refer to the TiO; shell thickness, while the ZrO, and TiO, labels indicate a film of bare
nanoparticles loaded with RuP*. (conditions: 0.1 M HClO4; Apump = 480 nm; Aprobe = 430 nmy;
100 nJ/pulse)

Equation 6.7

X X X

y=vo+Ae 1+ Ae T2+ Aze T3
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Table 6.4. Summary of Multi-Exponential Fit Parameters for nanoZrO,/TiO,-RuP?** Monitored
at Aprobe = 430 nm Following A,ump = 480 nm Laser Excitation as a Function of TiO, Thickness

TiO,

Shell Lifetime
Thickness Yo Ar Az As
(nm) T1 T2 T3
0258 0721 2.6 ns 330 ns
nanoZr0x 0 005y (0.004) - (0.22) (5.3) -
wanoTios 0 0297 0353 20,299 12.7 ns 136us 340 ps
0.006)  (0.006)  (0.004) 0.9) 0.068)  (20.1)
034 ;058 035 20,088 240 ps 58ns  1.5ps
: ©0.017)  (0.017)  (0.005) (17.7) 058)  (0.26)
057 , 0510 022 0177 630 ps 280ns 57 ps
: 0.006)  (0.005)  (0.003) (28.4) (186)  (3.75)
4 , 0346 0222 042 430 ps 13us 178 s
: (0.009)  (0.006)  (0.006) (40.4) 0.11) (74

Absorption-time data (Aprobe = 430 nm) were fit to a biexponential decay function for
nanoZrO,|-RuP*". Decay occurs rapidly, with lifetimes (and relative contributions) of t; = 2.6 ns
(26%) and 1, = 330 ns (74%). In contrast, decay for nanoTiOz|-RuP2+ (fit to a triexponential
decay function) occurs more gradually, with lifetimes (and relative contributions) of 1, = 12.7 ns
(31%), T2 = 1.36 ps (37%), and t3 = 340 ps (32%).

Absorption-time data (Aprobe = 430 nm) were fit to a triexponential decay function for
nanoZrOz/TiOz|-RuP2+ for TiO; shell thickness values of 0.34, 0.87, and 1.3 nm. Qualitatively,
T, and 73 both increase with TiO; shell thickness; t; does not appear to correlate with TiO, shell
thickness. Additionally, the relative contributions of recombination lifetimes appear to shift as
TiO, thickness increases. For the thinnest shell (0.34 nm), the largest contribution comes from
the fastest lifetime (A). The same is true of the intermediate shell (0.87 nm). However, the
thickest shell (1.3 nm) shows the slowest lifetime (A3) having the largest contribution to

recombination.
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Normalized transient absorption kinetics for nanoSnO,/TiO,-RuP*" as a function of
TiO; shell thickness (0 to 1.8 nm) are shown in Figure 6.7. The kinetic data were fit either to a
quad-exponential decay function (Equation 6.8) or to a triexponential decay function (Equation
6.7), and the fit parameters are summarized in Table 6.5. As with the fit parameters for
nanoZrO,|-RuP*", in all cases, yo was fixed at 0, as decay should occur to baseline. Absorption

spectra were blanked on the ground-state complexes prior to laser excitation.

179



5 ps 4 ms

00F - = = == = = = = = = = -
1.3 nm

< 0.87 nm
4
o] 1.8 nm
N o5t ]
‘© SnO,
£
o
< 0.34 nm

1.0 Aorobe = 430 NM -

1E-111E-101E-9 1E8 1E-7 1E-6 1E-5 1E-4 1E3

Time (s)

Figure 6.7. Normalized decay kinetics vs. pump-probe time monitored at 430 nm for
nanoSn0,/TiO,|-RuP*" as a function of TiO, shell thickness (0 to 1.8 nm). The numeric labels in
the figure refer to the TiO, shell thickness, while the SnO; label indicates a film of bare
nanoparticles loaded with RuP**. (conditions: 0.1 M HCIO4; Apump = 480 nm; Aprope = 430 nm;
from 200 fs to 400 pus: 100 nJ/pulse; for 400 ps to 4 ms: 1 mJ/pulse; the short (<400 ps) and long
(>400 ps) timescales were normalized to each other)

Equation 6.8

X X X X

y = yo ‘|'14:le_a *‘1428_E '*‘1436_a '*'144_8_a
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Table 6.5. Summary of Multi-Exponential Fit Parameters for nanoSn0O,/TiO,-RuP** Monitored
at Aprobe = 430 nm Following A,ump = 480 nm Laser Excitation as a Function of TiO, Thickness

TiO, Lifetime
Shell
Thick- Yo A1 Az A3 A4
ness
(nm) T1 T2 T3 T4
28
SN0, 0 -0.27 -0.423 -0.301 i 3.4 ns 44 ns s i
(0.012) (0.008) (0.006) (0.4) (2.3) (1.6)
034 0 -0.049 -0.22 -0.44 -0.18 30 ns 1.3 ps 23 us 190 ps
' (0.009) (0.013) (0.013) (0.01) (15.2) (0.18) (1.5) (10)
0.87 0 -0.49 -0.27 -0.267 ) 2;)50 3.2 ns 3550 i
(0.014) (0.014) (0.0014) (11) (0.294) (12)
13 0 -0.57 -0.219 -0.146 -0.0821 2550 4.6 ns 1:;9 11.118s7
(0.005) (0.005) (0.0007)  (0.0006) (4.4) (0.18) (1.7)  (0.017)
222
1.8 0 -0.54 -0.123 -0.049 -0.223 ps 10.5ns 42pus 6.6 ms
) (0.004) (0.004) (0.0009) (0.0003) (4.9) (0.66) (2.4) (0.33)

Absorption-time data (Aprobe = 430 nm) were fit to a triexponential decay function for
nanoSnO,|-RuP**. The lifetimes for decay (with relative contributions in parentheses) were T, =
3.4 ns (27%), 1, = 43.9 ns (43%), and 13 = 28 us (30%), and there was nearly quantitative decay
to baseline by 400 pus (¢12 = 33 ns). Qualitatively, decay is smooth, with little indication of
transition from one decay regime to another (e.g. from a regime of fast decay to a regime of
slower decay).

Absorption-time data (Aprobe = 430 nm) were fit to a quad-exponential decay function for

nanoSnOz/TiOz|-RuP2+ for TiO, shell thickness values of 0.34, 1.3 and 1.8 nm, and to a
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triexponential decay function for a TiO; shell thickness of 0.87 nm. Data for 0.34-, 1.3-, and 1.8-
nm thick shells were fit out to 4 ms, while data for the 0.87-nm thick shell were fit only to 400
us.

For the thinnest TiO; shell (0.34 nm), the lifetimes for decay are 1, = 31.5 ns (6%), 7, =
1.3 us (25%), 13 = 22.6 ps (50%), and 14 = 194 pus (20%). As compared with nanoSnO,|-RuP?**
decay kinetics, there is a smaller contribution from the fastest lifetime (only about a 6%
contribution for the 0.34-nm thick TiO, shell whereas A (nanoSnO,|-RuP?**) represented about a
27% contribution to decay). As with nanoSnO,|-RuP?* decay kinetics, decay appears smooth,
with little indication of transition from one decay regime to another. However, decay appears to
occur more slowly with the 0.34-nm thick TiO; shell, with #,, = 6.6 ps.

The thicker shells (0.87, 1.3, and 1.8 nm) qualitatively show altered decay behavior
compared to bare nanoSnO; and the thin 0.34-nm thick shell. Whereas decay appeared smooth,
with little indication of a regime change for the bare and thin-shelled photoanodes, distinct
regime shifts are evident for the thicker-shelled photoanodes. Rapid decay appears to occur for
each photoanode, followed by a plateau-region with slow further decay of the ground-state
bleach. As a comparison to the decay lifetimes (and relative contributions) for
nanoSn0,/Ti0,(0.34 nm)|-RuP?**, the decay lifetimes (and relative contributions) for
nanoSn0,/Ti0,(0.34 nm)|-RuP*" are 1, = 221.6 ps (58%), T = 10.5 ns (13%), 13 = 42 pus (5%),
and 14 = 6.6 ms (24%). The fastest decay lifetime, on the ps-timescale, is also the most heavily
weighted; this observation holds true for the 0.87-nm thick shell (t; = 197.6 ps (48%)) and the
1.3-nm thick shell (1, =222 ps (50%)) as well.

As with monitoring decay kinetics at Ayrobe = 376 nm, the effects of annealing the

core/shell electrodes prior to dye loading on the decay kinetics at Ayrope = 430 nm were
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investigated. Films of both nanoSnO, and nanoZrO, were derivatized with TiO; (0.34- and 0.87-
nm thick shells) and annealed under ambient atmosphere at 450 °C (30 minutes; 45-minute ramp
to temperature; multiple-hour cool down). The films were then loaded with RuP*" and the decay
kinetics at Aprone = 430 nm were monitored following laser excitation at Apump = 480 nm (Figure

6.12, Figure 6.9, Figure 6.8) and fit to a triexponential decay function (Table 6.6).

0,0.1___f--.’-__1___1____'___’___’_’”}
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Figure 6.8. Normalized decay kinetics for unannealed (orange trace) and annealed (dark orange
trace) nanoZrO,/Ti0,(0.87-nm)|-RuP*". (conditions: 0.1 M HCIO4; Apump = 480 nm; Aprobe = 430
nm; 100 nJ/pulse; annealing conditions: 450 °C for 30 minutes, following 45-minute ramp)
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Figure 6.9. Normalized decay kinetics for unannealed (purple trace) and annealed (dark blue
trace) nanoSn0,/Ti0,(0.87-nm)|-RuP**. (conditions: 0.1 M HCIOy; Apump = 480 nm; Aprobe = 430
nm; 100 nJ/pulse; annealing conditions: 450 °C for 30 minutes, following 45-minute ramp)
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Figure 6.10. Normalized decay kinetics for unannealed nanoZrO,/TiO2(0.87-nm)|-RuP**
(orange trace) and annealed nanoSn0,/Ti0,(0.87-nm)|-RuP?** (dark blue trace). (conditions: 0.1
M HCIO4; Ayump = 480 nm; Aprobe = 430 nm; 100 nl/pulse; annealing conditions: 450 °C for 30
minutes, following 45-minute ramp)
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Table 6.6. Summary of Triexponential Fit Parameters for nanoMO,/TiO2|-RuP** Monitored at
Aprobe = 430 nm Following Apump = 480 nm Laser Excitation with Annealed Electrodes

TiO, Lifetime
Shell
Core Yo Ay Ay A3
Thickness T1 T T3
(nm)
-0.23 -0.413 -0.195 43 ns 2.1 pus 170 ps
0.34 0
(0.009) (0.009) (0.006) (4.3) (0.12) (15.4)
Sl’lOz
-0.356 -0.35 -0.217 670 ps 53 us 260 ps
0.87 0
(0.006) (0.006) (0.005) (38) (0.22) (18.1)
-0.638  -0.225 -0.06 420 ps 21 ns 32 us
0.34 0
(0.008) (0.008) (0.002) (15.4) (1.4) 4.5)
ZI‘OQ
-0.487  -0.203 -0.201 640 ps 550 ns 120 ps
0.87 0
(0.007) (0.005) (0.004) (33.6) (43) (8.0)

Little change in decay kinetics as the result of annealing is observed for nanoZrO,/TiO,|-
RuP?* photoanodes. For the case of nanoZrO,/Ti0(0.87 nm)|-RuP**, the unannealed
photoanode exhibits decay lifetimes (and relative contributions) of 1, = 633 ps (56%), 1, = 284
ps (24%), and 13 = 57 ps (19%), while the annealed photoanode exhibits decay lifetimes (and
relative contributions) of t; = 640 ps (55%), T2 = 546 ps (23%), and 13 = 120 ps (23%).

The decay kinetics observed for nanoSnO,/TiO,|-RuP*" photoanodes change
significantly as the result of annealing. For the case of nanoSnO,/Ti0,(0.87 nm)|-RuP**, the
unannealed photoanode exhibits decay lifetimes (and relative contributions) of 1 = 197.6 ps

(48%), 12 = 3.19 ns (26%), and 13 = 334 pus (26%), while the annealed photoanode exhibits decay
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lifetimes (and relative contributions) of t; = 670 ps (39%), 12 = 5.3 us (38%), and 13 = 260 pus
(24%). For these two photoanodes, the lifetimes of fast decay (t; and t,) both increase for the
annealed film, indicative of slower decay. Additionally, the relative contribution increases for 1,
in the annealed film relative to the unannealed film, further indicating a shift to slower decay.
Curiously, the lifetime of slow decay (13) decreases for the annealed film, indicating faster decay
at longer time points.

6.2.5. Recombination Discussion

As demonstrated previously, RuP**" does not inject an electron into the conduction band
of nanoZrO,; therefore, the decay process observed at Aprobe = 430 nm for nanoZrO,|-RuP*" is
due to excited-state relaxation (Equation 6.9). Although different degree-exponential equations
were used to fit the decay data, the fastest component of decay for nanoZrO,/TiO»(0.34 nm)|-
RuP*" (1) = 243 ps; 57%) is both faster and a larger contributor to decay than the faster
component of decay for nanoZrO,-RuP** (1, = 2.6 ns; 26%). Comparison of the f,/; values for
each process also suggests much faster decay on nanoZrO,/Ti02(0.34 nm)|-RuP** (7, = 456 ps)

than on nanoZr02|-RuP2Jr (t12 =121 ns).

Equation 6.9
Z1r0-Ru"(4,4>-dpbpy ) (bpy),>" — ZrO,|-Ru'(4,4’-dpbpy)(bpy):>"

In the absence of electron injection, surface binding of RuP** to TiO, instead of ZrO,
should not cause excited state relaxation to occur faster. The discrepancy in recombination
lifetimes is then likely due to excited-state electron injection into TiO; for nanoZrO,/Ti0,(0.34
nm)|-RuP?*. From the half-life data, the recombination process appears about three orders of

magnitude faster than relaxation of the excited state. Intuitively, electron injection to the TiO,
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shell conduction band (Equation 6.10) should result in slower recombination due to the
separation of the electron and the oxidized chromophore. However, these results point to an
ultrafast BET process (Equation 6.11) that occurs following excited-state electron injection.
There are a limited number of states available in a thin shell of TiO; since the electron cannot
inject into ZrO,. As such, the dominant pathway for the injected electron, which would normally
undergo a random walk within nanoTiO, prior to recombination,” is to immediately recombine

with an oxidized chromophore.

Equation 6.10
710/ TiO,|-Ru"(4,4’-dpbpy ) (bpy).>" — ZrO,/TiOx(e)|-Ru(4,4’-dpbpy)(bpy).”"

Equation 6.11
Z1r0y/TiO(e )|-Ru"(4,4’-dpbpy)(bpy),>" — ZrO/TiO,|-Ru"(4,4’-dpbpy)(bpy)>"

As the thickness of the TiO; shell is increased for nanoZrO,/TiO,-RuP*" photoanodes,
the recombination behavior shifts from favoring an ultrafast BET process to resembling the
random walk recombination kinetics of RuP*" on nanoTiO,. Qualitatively, the kinetic data for
nanoZrO,/TiO,(1.3 nm)|-RuP*" appear to overlap those of nanoTiO,-RuP**. Quantitatively, the
t12 values for the two decay traces are similar (1.26 pus and 761 ns, respectively). As with the
injection kinetics on nanoZrO,/Ti0,, the similarity in recombination behavior can be attributed
to an increase in the density of states in the TiO, shell. These data suggest that sufficiently thick
TiO; shells (>1.3 nm) on a nanoZrO, core allow for recombination behavior similar to that of

nanoTiO; photoanodes.
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From the electron injection data, electron injection is rapid from RuP**" to nanoSnO,
(Equation 6.12). If quantitative injection is assumed (i.e. @y = 1.0),** then decay monitored at
Aprobe = 430 nm can be attributed completely to recombination of the electron in the SnO,

conduction band to the oxidized chromophore, RuP** (Equation 6.13).

Equation 6.12
SnO,|-Ru'"(4,4’-dpbpy™)(bpy),"" — SnOx(e")|-Ru'"'(4,4’-dpbpy)(bpy)”*

Equation 6.13
SnOa(e")-Ru""'(4,4’-dpbpy)(bpy),” " — SnO,|-Ru'(4,4°-dpbpy)(bpy).>"

For nanoSnO,/Ti0»(0.34 nm)|-RuP**, recombination to the ground state appears to occur
more slowly than for nanoSnO,|-RuP?**. The fastest decay lifetime, 1, increases with the
addition of the thin TiO; shell, while its overall contribution to decay decreases (from 3.4 ns,
27% without the 0.34-nm TiO, shell to 31.5 ns, 6% with the 0.34-nm TiO; shell). The #,»
increases as well, from 33 ns without the shell to 6.6 us with the shell.

The improvement in recombination lifetime is attributable to the TiO; shell. Excited-state
electron injection could occur from RuP**" to either the TiO, shell (Equation 6.14; suggested by
nanoZr0,/Ti0,) or directly to the SnO, core (Equation 6.15). In the event of injection to the
TiO, conduction band (Equation 6.14), electron transfer from the conduction band of TiO; to
the conduction band of SnO, (Equation 6.16) is a downhill process by ~300 mV.*'
Recombination of the electron to the oxidized chromophore can occur either from TiO,
(Equation 6.17) or SnO, (Equation 6.18). The slow recombination process observed with the

thin 0.34-nm TiO; shell on SnO; suggests that recombination is occurring from SnO, (Equation

189



6.18), which is consistent both with previous work on nanoSnO,/TiO; core/shell photoanodes,’
and with the recombination results on nanoZr0O,/Ti0,(0.34 nm). If the electron were localized on

TiO,, ultrafast BET would be expected.

Equation 6.14
SnO,/Ti0,|-Ru"'(4,4’-dpbpy )(bpy)2>" — SnO,/TiO,(e")|-Ru''(4,4’-dpbpy)(bpy).>"

Equation 6.15
SnO,/Ti0,|-Ru"'(4,4’-dpbpy )(bpy),>" — SnO,(e)/TiO,|-Ru''(4,4’-dpbpy)(bpy)>*

Equation 6.16
SnO,/Ti0,(e")|-Ru'(4,4’-dpbpy)(bpy).” " — SnO,(e )/TiO4-Ru(4,4’-dpbpy)(bpy).”"

Equation 6.17
SnO,/Ti0,(e")|-Ru'(4,4’-dpbpy)(bpy).’ " — SnO,/TiO,|-Ru'"(4,4’-dpbpy)(bpy),>"

Equation 6.18
SnO,(e)/TiO,-Ru'(4,4’-dpbpy)(bpy).’ " — SnO,/TiO,|-Ru'"(4,4’-dpbpy)(bpy),>"

Thicker shells of TiO, on nanoSnO; do not result in slower recombination kinetics.
Instead, for shells of TiO; thicker than 0.87 nm on nanoSnO,, kinetic decay splits into distinct
fast and slow regimes (Figure 6.7). The fastest decay lifetimes and relative contributions of
those lifetimes to overall decay kinetics for 0.87-, 1.3-, and 1.8-nm thick shells of TiO, on

nanoSnQ, are similar, with 1, = 197.6 ps (48%), 222 ps (56%), and 221.6 ps (58%), respectively
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and 1, = 3.19 ns (26%), 4.6 ns (22%), and 10.5 ns (13%), respectively. These data suggest rapid
recombination at early time points, and perhaps a similar mechanism of recombination given the
similarity of the decay data. Following rapid decay, recombination appears to plateau, with 13 =
334 us (26%), 139 ps (14%), and 42 ps (5%), respectively, for 0.87-, 1.3-, and 1.8-nm thick
shells of TiO; on nanoSnO,. For 1.3- and 1.8-nm thick TiO; shells, a fourth lifetime, 14, was fit
as well, with 14 = 1.87 ms (8%) and 6.6 ms (24%), respectively.

These data suggest that recombination for thick TiO; shells is largely dominated by fast
decay. Between 70% and 80% of the decay lifetime contribution is on the nanosecond timescale,
or faster, for TiO; shells between 0.87 nm and 1.8 nm thick. Also, fast recombination appears to
be thickness-independent. However, following the fast decay regimes, recombination slows
dramatically. The nanoSnO»/TiO(1.8 nm)|-RuP** photoanode provides the starkest example.
The two fastest lifetimes, 1, and 1, account for a combined 71% of observed decay (decay that is
presumably complete by 10.5 ns). However, the slowest lifetime, 14, still accounts for 24% of
decay, and extends to 6.6 ms, nearly six orders of magnitude longer than the two fast
components. The slow components, 13 and 14, appear to be TiO, thickness-dependent, with
increasing lifetime as TiO, thickness increases.

One possible explanation for this behavior is the presence of surface-localized trap states
for the as-deposited TiO,. A schematic explanation is shown in Figure 6.11. For thin shells of
TiO, on nanoSnO, (Figure 6.11a), electron injection from RuP?**" could occur to either the TiO,
conduction band or to trap states that are energetically positive of the conduction band. Trap
states could also be thermally populated following injection to the TiO, conduction band.
However, for trap states energetically negative of the SnO, conduction band, electron transfer

could still occur from TiO; trap states to SnO,. Recombination would then occur through
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tunneling as previously observed.’ For thick shells of TiO, (Figure 6.11b), injection from
RuP**" could still occur to either trap states or the TiO, conduction band. If the TiO, shell is
sufficiently thick, electron mobility from trap states through the TiO, “bulk” to the underlying
SnO; core could be disfavored as it would be an uphill process to the conduction band. The
injected electrons would remain localized on the TiO; surface, promoting the ultrafast BET
observed for nanoZrO,/Ti0»(0.34 nm)|-RuP** photoanode. The 11, value for
nanoZr0,/Ti0,(0.34 nm)|-RuP** (456 ps) is in the middle of the 7, value range for
nanoSnOz/Ti02|-RuP2+ (675, 298, and 109 ps for 0.87-, 1.3-, and 1.8-nm thick TiO, shells,

respectively), furthering suggesting electron localization at the TiO, surface.

Sno, TiO, b Sno, TiO, Tio,
a) Core Surface ) Core Shell Surface
RuP3+/2+ RuP3+2+
e % ! 4/74* !
—F
Trap States Trap States
RuP3+2+ — RuP3¥/*
—

Figure 6.11. Proposed scheme comparing electron transfer on nanoSnOo/TiO,-RuP*" with a)
thin TiO, shells and b) thick TiO; shells.

Comparison of the recombination kinetics for unannealed films of nanoSnO,/TiO, and

nanoZr0,/TiO; with TiO; shells of different thickness (0.34 and 1.3 nm) are shown in Figure
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6.12. The comparison of nanoSnO,/TiO; and nanoZrO,/Ti0, with a 0.34-nm thick shell (Figure
6.12a) supports the hypothesis of electron transfer from TiO; to SnO; for thin TiO; shells.
Qualitatively, recombination is many orders of magnitude more rapid on nanoZrO,/TiO, than on
nanoSn0,/Ti0,. However, comparison of nanoSnO,/Ti0, and nanoZrO,/TiO, with a 1.3-nm
thick shell (Figure 6.12b) does not necessarily support the notion of surface-localized trap states
for thick shells of TiO,. For TiO, shells of the same thickness, a rapid BET component is
expected regardless of the underlying metal oxide core. However, rapid BET is not observed for
nanoZr0,/TiOy(1.3 nm). Comparing ¢, for the fit data shows an approximately four order of
magnitude longer-lived charge separation for nanoZrO,/TiO,(1.3 nm) (12 = 1.26 ps) than for

nanoSn0,/Ti0,(1.3 nm) (¢, = 298 ps).
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Figure 6.12. Normalized decay kinetics for unannealed MOX/Ti02|-RuP2+ for MO, = ZrO,
(orange traces) and MOy = SnO, (purple traces) for a) 0.34-nm thick TiO, shell; and b) 1.3-nm
thick TiO; shell. (conditions: 0.1 M HCIO4; Apump = 480 nm; Aprobe = 430 nm; 100 nl/pulse)

The dramatic improvement of charge separation lifetime on nanoZrO,/TiO, compared to

nanoSnO/Ti0, for thick TiO; shells could be due to crystallinity differences in the underlying
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core nanoparticles and the effect of this crystallinity during the TiO, deposition process. The
phase composition of the ALD substrate has been shown, under certain circumstances, to affect
the phase composition of the resulting ALD layer.'®*** It is possible that ALD of TiO,
performed on the nanoZrO, results in a more defect-free and trap-state-free TiO, overlayer. In
this event, diffusion to remote surface locations on nanoZrQO,/TiO, with thick TiO, shells could
become more probable. Further investigation into the density of states, particularly of trap states,
for TiO, overlayers deposited on both nanoZrO, and nanoSnO, substrates is required.

Recombination kinetics for annealed photoanodes of nanoSnO, and nanoZrO, were
investigated for 0.34 and 0.87-nm thick TiO; shells. Recombination kinetics for
nanoZrO,/Ti0,(0.87 nm)|-RuP*" are shown in Figure 6.8 and recombination kinetics for
nanoSn0,/Ti0,(0.87 nm)|-RuP*" are shown in Figure 6.9. Qualitatively, Figure 6.8 shows that
annealing does not significantly alter the recombination kinetics for RuP** on nanoZrO,/TiO,
core/shell photoanodes.

The same is untrue for nanoSnO,/TiO; core/shell photoanodes. Comparison of the
unannealed and annealed kinetic traces in Figure 6.9 shows a dramatic decrease in rapid
recombination for the annealed film. The fastest lifetime for the unannealed film (t; = 198 ps
(48%)) increases in lifetime and decreases in contribution for the annealed film (t; = 670 ps
(39%)). The annealed photoanode has a significantly longer intermediate lifetime as well (1, =
5.3 us (38%) annealed; 12 = 3.19 ns (26%) unannealed). However, at long lifetime, the
unannealed film outperforms the annealed film (13 =260 ps (24%) annealed; t3 = 334 us (26%)
unannealed). These data are consistent with annealing reducing the number of surface-localized

29,30
1,7

trap sites and improving the crystallinity of the TiO, shel thereby reducing the number of

buried trap sites as well. A reduced number of trap sites, both at the solution/TiO; interface and
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in the TiO; “bulk” near the SnO,/Ti0, interface, could improve electron mobility from the TiO,
conduction band to the SnO, conduction band, resulting in the improved recombination kinetics
that are observed. These data further highlight the necessity of determining the density of states
for TiO, overlayers deposited on both nanoSnO, and nanoZrO, cores.

6.2.6. Photoelectrochemistry

Photoelectrochemical (PEC) comparisons were performed on photoanodes derivatized
with RuP?". In these experiments, the working electrode (the photoanode) was separated from
the reference electrode (Ag/AgCl, saturated NaCl; E(vs. NHE) = 0.197 V) and the counter
electrode (Pt mesh) using a Nafion membrane and a custom-built, two-compartment glass cell.
The core/shell electrodes were coated with an inert, opaque epoxy to define a working area for
illumination and limit background reactions at the FTO back contact.”* The electrolyte was 0.1
M HCI0,. Hydroquinone (0.02 M) was added a sacrificial reducing agent.” The electrolytic
solution was deaerated by bubbling N, for at least 15 minutes prior to illumination, and a
constant N, flow was maintained over the headspace of the working compartment throughout
experimentation. Illumination was provided by a white light source positioned to output ~100
mW cm™ (similar to the level of solar irradiance) on the photoanodes.

Photoanodes of nanoSnO,-RuP*" (I' = 3.6 x 10™® mol cm™) and nanoTiO,-RuP*" (' =
7.4 x 10°® mol cm™) were illuminated for 3 cycles in a 30 s on/30 s off pattern (Figure 6.13).
Bare films of nanoparticles were used to establish a benchmark for photoelectrochemical activity
of RuP*" in the presence of hydroquinone in 0.1 M HCIO,. Following immersion of the
photoanode in solution and deaeration, the working electrode was held at 0.4 V vs. Ag/AgCl in
the dark for 30 seconds. After 30 seconds, with bias still applied, the working electrode was
illuminated. A current spike was observed for both nanoSnO,|-RuP*" and nanoTiO,-RuP** (609

and 300 pA cm™, respectively). The spike decayed gradually over 30 seconds of illumination
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(567 and 277 pA cm’, respectively) until the light source was shuttered, at which point the
current for each photoanode dropped to approximately 0. The off/on cycle was repeated twice
more, with similar spikes and relaxations during illumination as observed initially. For each
off/on cycle, the photocurrent level observed for nanoSnO,|-RuP** was approximately twice of
that observed for nanoTiO,|-RuP?**. This observation does not account for the near doubling of

2+ .
RuP”" surface coverage on nanoTiO, compared to nanoSnO,.
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Figure 6.13. Light-on/light-off photocurrent-time traces for nanoSnO,-RuP*" (black) and
nanoTiO4-RuP** (gray) in the presence of hydroquinone (0.02 M). (conditions: ~100 mW c¢m™
white light; 400-nm long-pass cutoff filter; E,pp, = 0.4 V vs. Ag/AgCl; 0.1 M HCIOy; ref =
Ag/AgCl, sat. NaCl; aux = Pt)
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Photoanodes of nanoSnOz/TiOz|-RuP2+, with 0.34-, 0.87-, and 1.3-nm thick TiO, shells,
were illuminated under the same conditions as nanoSnO,|-RuP** and nanoTiO,-RuP**. The
results are shown in Figure 6.14. The nanoSnO,|-RuP*" photocurrent trace is shown for
comparison. As the thickness of the TiO; shell increases, the observed photocurrent increases as
well. Additionally, the photocurrent level for each photoanode is higher than that of bare
nanoSnO,-RuP?*. For example, the initial spike of the first illumination results in photocurrent
levels of 771, 892, and 1,474 pA cm™ for 0.34-, 0.87-, and 1.3-nm thick TiO, shells, respectively
(recall 609 pA cm™ for nanoSnO,|-RuP*"). This trend continues throughout illumination, and
over multiple off/on cycles. Increases in photocurrent for core/shell photoanodes compared to

. 13,36
bare electrodes have been observed previously. ™
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Figure 6.14. Light-on/light-off photocurrent-time traces for nanoSnO,/TiO,|-RuP** with TiO,
shell thickness of 0.34 nm (red), 0.87 nm (blue), 1.3 nm (purple), and nanoSnO,|-RuP** (black)
in the presence of hydroquinone (0.02 M). (conditions: ~100 mW cm™ white light; 400-nm long-
pass cutoff filter; E.p, = 0.4 V vs. Ag/AgCl; 0.1 M HClOy; ref = Ag/AgCl, sat. NaCl; aux = Pt)

To ensure that the increase in photocurrent observed for nanoSnO,/TiO,|-RuP**
core/shell photoanodes was not solely attributable to the ALD-TiO, overlayer, films of
nanoZrOz/TiOz|-RuP2+, with 0.34-, 0.87-, and 1.3-nm thick TiO; shells, were investigated as
photoanodes as well. Little photocurrent is expected for these electrodes, because (as shown
above) minimal electron injection is observed for RuP**" on nanoZrO,. In line with this
hypothesis, <20 nA cm™ of photocurrent is observed for even the thickest (1.3 nm) TiO; shell on

nanoZrO,, and <10 pA cm™ is observed for the two thin shells (0.34 and 0.87 nm) (Figure 6.15).
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Figure 6.15. Light-on/light-off photocurrent-time traces for nanoZrO,/TiO,|-RuP** with TiO,
shell thickness of 0.34 nm (green), 0.87 nm (orange), and 1.3 nm (dark red) in the presence of
hydroquinone (0.02 M). (conditions: ~100 mW c¢m™ white light; 400-nm long-pass cutoff filter;
Eupp=0.4V vs. Ag/AgCl; 0.1 M HCIOy; ref = Ag/AgCl, sat. NaCl; aux = Pt)

These data provide some insight into the PEC reactions occurring at core/shell
photoanodes. The small photocurrent observed for nanoZrO,/TiO,-RuP*" electrodes
demonstrates that electron injection is necessary for quenching of the oxidized chromophore by
hydroquinone. Additionally, the deposition of TiO; by itself does not lead to the dramatic
increase in photocurrent observed for nanoSnO,/TiO,-RuP*" electrodes compared to
nanoSnO,-RuP?*, because similar increases in photocurrent are not observed for

nanoZrO,/TiO,-RuP?" electrodes.
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The dramatic increase in photocurrent for nanoSnO,/TiO,|-RuP*" electrodes compared to
nanoSnO,|-RuP?" is promising from a device standpoint. However, these photocurrent data
cannot be directly compared to the transient absorption kinetic data due to the applied bias in the
PEC experiments. Future work on bias-dependent transient absorption (with and without an
added sacrificial reducing agent) is required. Still, the improvement observed employing the
core/shell nanoSnO,/TiO,|-RuP?** electrodes over bare films of nanoSnO,|-RuP** or nanoTiO,|-
RuP*" is in line with similar reports from the literature and points to the potential for
12,13,36,37

nanoSn0,/Ti0; core/shell electrodes in future photoanode applications.

6.3. Conclusions

Transient absorption spectroscopy was used to elucidate the electron injection and
recombination kinetics for RuP*" on core/shell photoanodes with TiO, shells of varying
thickness. For TiO, shells of comparable thickness to those typically employed in DSPEC
photoanodes (>1 nm), ultrafast BET is observed, and half of recombination complete after only a
few hundred picoseconds. However, approximately 20% to 30% of the chromophore remains
oxidized out to the millisecond timescale. This behavior suggests at least two mechanisms of
recombination: ultrafast BET from surface-localized defect sites and a long-lived tunneling
process from the SnO, core through TiO; to the oxidized chromophore.’

Annealing the nanoSnO,/TiO; core/shell electrodes prior to dye loading significantly
impacts both electron injection and recombination. In the case of recombination, the ultrafast
BET component decreases, with a longer-lived intermediate state. However, at longer (i.e.
millisecond) timescales, the unannealed films outperform their annealed counterparts. An
explanation for the observed improvement is the removal of defect sites on the TiO, surface and
throughout the TiO; shell “bulk.” Detailed density of states measurements before and after

annealing would provide valuable insight into the energetics of the TiO; shell.
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Photoelectrochemical experiments using nanoSnO,/TiO4-RuP?** core/shell electrodes in
the presence of hydroquinone as a sacrificial reducing agent corroborate the TiO; shell thickness
dependence observed for DSPEC devices reported in the literature. However, further
investigation of bias-dependent transient absorption spectroscopy is needed to compare the
observations made herein with electron injection and recombination. These studies could provide
valuable insight into the construction of core/shell photoanodes under conditions similar to those
in operating DSPEC devices.

6.4. Experimental

Materials. Deionized water was further purified using a Milli-Q Ultrapure water
purification system. Perchloric acid (99.999%) was purchased from Sigma-Aldrich and was used
as received. Nanoparticle films of tin oxide (nanoSnQO,) were constructed according to literature

31,36

procedures.” ”” Nanoparticle films of zirconium oxide (nanoZrO,) were constructed according to

38,39

literature procedures.” "~ Thin shells of titanium dioxide were deposited on nanoSnO; or

nanoZrO, using atomic layer deposition (ALD). The molecular chromophore [Ru(2,2’-
bipyridine),(4,4’-dpbpy)][Cl]> (RuP**) was synthesized according to a literature procedure.'®"”
Dye-sensitized electrodes for transient absorption spectroscopy were constructed by soaking the
nanoparticle films in a methanol solution of RuP*" (~1 mM) in the dark overnight (~14 hours).
After the soak period, the electrodes were rinsed with methanol and dried under a stream of air.
The electrodes were stored in the dark. Dye-sensitized electrodes for photoelectrochemical
experiments were constructed identically to those for transient absorption spectroscopy, followed
by masking with an opaque epoxy. Loctite Hysol 9462 epoxy was applied to dye-sensitized
electrodes to define an exposed working area. The epoxy cured overnight (~14 hours) at room

temperature. Photographs were taken of the electrodes, and working areas were determined using

Imagel software.
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Atomic layer deposition (ALD). ALD was performed using a Cambridge NanoTech
Savannah S200 ALD system located in the Chapel Hill Analytical Nanofabrication Laboratory
(CHANL) cleanroom. The reactor temperature was set at 150 °C. The cylinder containing the
titanium dioxide precursor, tetrakis(dimethylamido)titanium(IV) (TiTDMA, 99.999%, Sigma
Aldrich), was set to 75 °C. Both the reactor and the TITDMA cylinder were warmed to
temperature and allowed to equilibrate for approximately an hour prior to use. Prior to
deposition, samples sat in the reactor under continuous nitrogen purge (99.999%, further purified
using an Entegris GateKeeper Inert Gas Purifier) for a minimum of 10 minutes. Each deposition
cycle consisted of a 1-s pulse of TITDMA, a 20-s exposure in the reactor, a 60-s purge, a 0.02-s
pulse of H,O, a 20-s exposure in the reactor, and a 60-s purge. The thickness of TiO, deposited
was determined by ellipsometry performed on a piece of witness Si in the reactor using a J. A.
Woollam Variable Angle Spectroscopic Ellipsometer.

Transient Absorption. Femtosecond transient absorption spectra were obtained using a
pump-probe configuration. The 775 nm (1 kHz repetition rate, 150 fs pulse width) output of a
chirped pulse amplifier (Clark-MXR 2001) was split into two beams. A large portion of the
regenerative amplifier output (90%) was sent through a home-built optical parametric amplifier
(OPA) where the signal (~1250 nm) is mixed with residual 775 nm in a 2-mm thick -BaBOs
(BBO) crystal through sum frequency generation to produce the 480 nm pump pulse. The probe
pulse (325 nm to 800 nm) was generated in a rotating CaF, window through supercontinuum
generation. Pump and probe polarizations were set to magic angle and focused to a 150 pm spot
size at the sample. The time between pump and probe was controlled by a mechanical delay
stage. Using a neutral density filter, the pump pulse was set to 100 nJ/pulse. Pump-induced

changes in the white light continuum were collected at a fiber optic coupled multichannel
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spectrometer with a CMOS sensor with a sensitivity of 0.1 mOD. A mechanical chopper
synchronized with the laser chopped the pump beam at 500 Hz.

Transient absorption measurements in the ps to us range were collected using the same
pump pulse as the femtosecond experiment, while the white light probe pulse was generated in a
diode-pumped photonic crystal fiber. The time delay between pump and probe was electronically
controlled (Ultrafast Systems). The data were collected using the same CMOS sensor.

Transient absorption data collected with time delays >400 ps were obtained by placing
the electrode at a 45° angle in a 10-mm cuvette containing 0.1 M HCIO4. The top of the cuvette
was fit with an O-ring and Kontes valve for purging with argon and were sealed immediately
after purging. Samples were purged with argon for at least 45 minutes prior to experiments.
Measurements were performed using a Spectra-Physics Quanta-Ray Lab-170 Nd:YAG Laser
combined with a VersaScan OPO (488 nm, 5 to 7 ns, operated at 1 Hz, beam diameter 0.5 cm, 1
mlJ/pulse) integrated with an Edinburgh LP920 laser flash photolysis spectrometer system. White
probe light was generated using a 450 W Xe lamp in pulsed mode. Two filters (380-nm long-
pass) were placed in the probe beam to prevent direct bandgap excitation of the semiconductors.
A glan-laser polarizer (Thorlabs GL-10A) set to 54.7° (the “magic angle”) was placed in the
probe beam (after the sample) to eliminate anisotropy effects. Light was detected using a
photomultiplier tube (PMT; Hamamatsu R928). A Tektronix oscilloscope (model TDS-3032,
300 MHz) was used to record the PMT output and to ensure the pulsed probe source did not
exceed 600 mV baseline signal assessed without laser excitation. The PMT was housed in a PMT
housing wired with only five dynodes and biased at 600 V. Laser scatter and luminescence were
removed by subtracting waveforms collected with laser light but not probe light from those

collected with both laser light and probe light incident on the sample. A notch filter was placed
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after the sample but before the monochromator to reject laser scatter. Experiment
synchronization was achieved by the Edinburgh L900 software. Data sets were the result of 25 to
100 averages. A mechanical shutter (part of the Edinburgh system) was fixed in the path of the
probe beam and was open for <50 ms per each 1 Hz pulse to minimize each sample’s exposure to
light.

Photoelectrochemical Experiments. Photoelectrochemical experiments were conducted in

a homemade, two-compartment cell described elsewhere.*>*°

The working, dye-sensitized
electrode was separated from the reference electrode (Ag/AgCl, saturated NaCl) and counter
electrode (Pt mesh) by a Nafion membrane. A potentiostat (CH Instruments 760E) was used to
poise the potential of the working electrode. The electrolytic solution was 0.1 M HCIO4 with
0.02 M hydroquinone added as a sacrificial electron donor. Prior to experiments, the working
compartment was deaerated with N, for a minimum of 15 minutes. A positive stream of N, was
maintained in the headspace to avoid atmospheric O, diffusion into the solution. Illumination
was provided by a Thor Labs HPLS-30-04 light source. Samples were positioned to receive ~100
mW cm™ (1 sun, 400 to 700 nm) with the light intensity determined with an Oriel Instruments
91150V reference cell. A 400-nm long-pass filter was employed to minimize direct bandgap

excitation of the underlying semiconductors.
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APPENDIX A: STABILIZATION OF A RUTHENIUM(II) POLYPYRIDYL DYE ON
NANOCRYSTALLINE TIO; BY AN ELECTROPOLYMERIZED OVERLAYER

Element Weight¥%
SiK 0.45
TiK 916
FeK 1.18
Rul 312
SnL 3.65
Totals 100
Element Weight%
SiK 0.55
TiK 87.92
FeK 0.68
Rul 259
SnL 827
Totals 100
Element Weight%
SiK 2.26
TiK 62.07
Fe K 041
Rul 1.5
SnL 33.76
Totals 100

Figure A.1. EDS spectra (middle) and the tabulated results (left) for nanoTiO,|-RuPdvb-

Atomic%k%
0.8
95.09
1.05
154
153

Atomic%¥%

9353
0.62
131
355
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4.78
77
043
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poly[Fe(v-tpy)2]>" (50 cycles) at various depths that are indicated by the pink rectangle (far

right).
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Element Weight%  Atomic%

SiK 1 177
TiK 89.65 93.58
FeK 1.34 1.2
Rul 1 0.5
SniL 7.02 2.96
Totals 100
) s 10 5 0
Ful Scale 5252 cts Cursor: 0.000 keV

Element Weight%  Atomic%

SiK 1.42 2.76
TiK 75.78 86.29
FeK 0.76 0.75
Rul 0.94 0.51
SnL 211 9.7
Totals 100

2 S 10 15 20
Ful Scale 5252 cts Cursor: 0.000 keV

Element Weight%  Atomic%

SiK 5.89 13.55
TiK 43.34 58.44
FeK 0.52 0.6
Rul 0.68 0.43
SniL 48.57 26.98
Totals 100
) 5 10 15 2
Ful Scale 5252 cts Cursor: 0.000 keV

T Dot mage

Figure A.2. EDS spectra (middle) and the tabulated results (left) for nanoTiO,|-RuPdvb-
poly[Fe(v-tpy)2]>" (300 cycles) at various depths that are indicated by the pink rectangle (far
right).
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Figure A.3. EDS spectra (middle) and the tabulated results (left) for Fe and Ru obtained for
nanoTiOa-RuPdvb-poly[Fe(v-tpy),]*" (50 cycles) at various depths that are indicated by the
pink rectangle (far right). This film was formed by soaking a nanoTiO|-RuPdvb slide in [Fe(v-
tpy)2]>" (0.5 mM in 0.1 M [TBA]PE¢/CH;CN) for over 24 hours prior to electropolymerization,
then stirring during electropolymerization and resting the film for 60 seconds in between each
electropolymerization cycle.
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APPENDIX B: WATER OXIDATION BY AN ELECTROPOLYMERIZED CATALYST
ON DERIVATIZED MESOPOROUS METAL OXIDE ELECTRODES
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Wavelength (nm)

Figure B.1. Absorption spectrum of RuOH,*" at room temperature in H,O.
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Absorbance

1 — 10 Scans, Amax = 453 nm
4 —— 0 Scans, Amax = 462 nm

400 450 500
Wavelength (nm)

550

Figure B.2. UV-visible absorption spectra of nanoTiO,-RuPdvb** before (black) and after (red)
10 reductive cycles from 0 to —1.8 V (vs. Ag/AgNO3) in a PC solution of 0.5 mM RuOH,*", Pt

counter, and Ag/AgNOj reference electrode.
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Figure B.3. Cross-sectional SEM images of the nanoTiO,|-RuPdvb*" films following 60 (A and
B), 120 (C and D), and 450 (E and F) reductive cycles in a PC solution containing 0.5 mM
RllOH22+.
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Element | Weight% | Atomic%

CK 12.07 19.68
oK 54.70 66.98
TiK 32.03 13.10
Rul 1.19 0.23

Totals 100.00

Element | Weight% | Atomic%
CK 7.64 14.27
OK 46.42 65.14
CakK 0.42 0.23
TiK 41.950 19.64
Rul 1.06 0.24
SnlL 2.56 0.48
Totals 100.00

Element | Weight% | Atomic%

CK 5.44 11.44

OK 40.44 63.91

SiK 1.81 1.63

TiK 37.62 19.85

Ru L 0.91 0.23

SnlL 13.78 2.93

Totals 100.00 Full Scale 1216 cts Cursor: 0.000

S Edecton inage 1

Figure B.4. EDS spectra (middle) and the tabulated results (left) obtained for nanoTiO,|-
RuPdvb-polyRuOH; following 450 reductive cycles at various depths that are indicated by the
pink rectangle (right).
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Figure B.5. Refined crystal structure

Table B.1. Crystal data and structure refinement for DLA-3-216 (RuOH,*")

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/A
b/A
c/A
o/°
pre
v/°
Volume/A®
Z
pcalc/mg mm™
m/mm’’

F(000)
Crystal size/mm’
20 range for data collection

DLA-3-216
Cg4HgoB4F16N210sRu,
2022.14
100.15
monoclinic
P21/c
19.0462(4)
25.0845(6)
19.0686(4)
90
92.458(2)
90
9101.9(3)
4
1.476
3.511
4128.0
0.461 x 0.13 x 0.042
4.644 to 140.488°
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Index ranges -19<h<23,-29<k<30,-20<1<22

Reflections collected 66621
Independent reflections 16885[R(int) = 0.0785]
Data/restraints/parameters 16885/18/1197
Goodness-of-fit on F* 1.014
Final R indexes [[>=2c (1)] R1=0.0687, wR2 = 0.1660
Final R indexes [all data] R1=10.1148, wR2 =0.1920
Largest diff. peak/hole / ¢ A” 1.03/-0.69

Table B.2. Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement
Parameters (A*x10%) for DLA-3-216. Ugq 1s defined as 1/3 of the trace of the orthogonalised Uy
tensor.

Atom X y z U(eq)
Rul 9389.8(2) 2275.1(2) 4468.3(2) 30.23(13)
N1 10388(3) 2239(2) 4892(2) 32.1(11)
N2 9470(3) 1473(2) 4712(3) 33.5(11)
N3 8384(3) 2203(2) 4075(3) 32.2(11)
N4 9013(3) 2529(2) 5417(2) 31.6(11)
N5 8751(3) 3226(2) 6092(3) 37.0(12)
N6 9367(2) 3065(2) 4330(3) 30.1(10)
N7 9746(2) 2350(2) 3460(2) 32.0(11)
N8 10076(3) 2896(2) 2611(3) 38.3(12)
Cl1 8969(3) 1091(3) 4602(3) 38.1(14)
C2 8997(4) 592(3) 4921(4) 40.9(15)
C3 9574(4) 484(3) 5369(3) 44.2(16)
C4 10102(4) 857(3) 5462(3) 40.8(15)
Cs 10049(3) 1346(3) 5121(3) 35.3(13)
Coé 10586(3) 1764(3) 5181(3) 35.2(13)
C7 11244(3) 1690(3) 5502(3) 40.7(15)
C8 11716(3) 2111(3) 5540(3) 42.5(16)
C9 11526(3) 2609(3) 5255(3) 37.4(14)
C10 10857(3) 2647(3) 4924(3) 35.7(13)
Cl11 8422(4) 208(3) 4766(4) 51.1(18)
Cl12 8327(4) -245(3) 5092(5) 59(2)
C13 11981(3) 3081(3) 5292(4) 47.7(17)
Cl4 12581(4) 3118(4) 5636(5) 67(2)
C15 7823(3) 2139(3) 3876(3) 36.6(14)
Clé6 7105(3) 2054(3) 3609(4) 50.2(18)
Cl17 8783(3) 2334(3) 6047(3) 37.0(14)
CI8 8673(3) 1812(3) 6275(3) 39.2(14)
C19 8396(4) 1745(3) 6927(3) 43.7(16)
C20 8253(4) 2189(3) 7357(3) 42.9(16)
C21 8356(3) 2706(3) 7147(3) 37.4(14)
C22 8618(3) 2772(3) 6481(3) 34.4(13)
C23 8692(4) 3773(3) 6353(4) 49.5(17)
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C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
Ru2
N9
N10
N11
N12
N13
N14
NI15
N16
C38
C39
C40
C41
C42
C43
C44
C45
C46
C47
C48
C49
C50
Cs1
C52
C53
C54
C55
C56
C57
C58
C59
C60

8975(3)
9117(3)
9008(4)
9160(4)
9430(4)
9535(3)
9796(3)
10282(4)
10210(3)
10482(4)
10546(4)
10329(4)
10059(3)
9999(3)

5109.5(2)
6128(3)
5228(3)
4094(3)
4743(3)
4433(3)
5056(3)
5447(3)
5775(3)
6565(3)
7247(3)
7474(4)
7037(4)
6350(3)
5855(3)
5957(4)
5452(4)
4829(4)
4748(3)
7679(3)
8321(4)
4246(4)
4212(5)
3525(3)
2804(3)
4509(3)
4420(3)
4141(4)
3966(3)
4047(3)
4320(3)
4317(4)

3065(3)
3383(3)
3919(3)
4136(3)
3811(3)
3275(3)
2855(3)
3383(3)
2389(3)
2193(3)
1660(3)
1297(3)
1482(3)
2037(3)

7343.9(2)
7325(2)
6536(2)

7282.4(19)
7567(2)
8232(2)
8136(2)
7450(2)
8011(2)
7737(3)
7701(3)
7212(3)
6779(3)
6338(3)
6396(3)
5885(3)
5504(3)
5634(3)
6155(3)
8190(3)
8232(4)
5254(3)
4774(3)
7246(3)
7206(3)
7344(3)
6816(3)
6723(3)
7146(3)
7671(3)
7762(3)
8771(3)

5460(3)
4835(3)
4727(4)
4072(4)
3567(4)
3704(3)
3242(3)
2246(4)
2386(3)
1769(4)
1704(4)
2239(4)
2851(3)
2913(3)

5400.8(2)
5793(2)
5600(3)
5029(2)
6363(3)
7066(3)
5291(3)
4391(3)
3557(3)
5840(3)
6125(3)
6373(4)
6323(4)
6019(3)
5942(3)
6180(4)
6073(4)
5702(4)
5477(3)
6167(4)
6439(5)
5559(4)
5819(5)
4840(3)
4576(4)
6974(3)
7172(3)
7825(4)
8270(3)
8077(4)
7421(3)
7346(4)

34.9(13)
35.1(14)
43.7(16)
47.5(17)
45.3(16)
36.0(14)
36.0(14)
48.5(18)
36.6(14)
45.2(16)
50.3(18)
46.9(17)
40.1(15)
36.3(14)

29.41(12)
32.3(11)
31.6(11)
29.8(10)
33.7(11)
40.0(13)
33.1(11)
31.3(11)
36.5(12)
37.5(14)
39.6(14)
49.0(18)
47.1(17)
38.2(14)
37.3(14)
45.8(17)
50.6(18)
45.3(16)
36.4(14)
45.8(17)

73(3)
52.3(18)
63(2)
35.5(14)
46.1(17)
36.4(14)
37.5(14)
45.2(16)
48.5(18)
44.2(16)
38.9(15)
47.8(17)
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Co1
C62
C63
Co4
C65
C66
Co67
C68
C69
C70
C71
C72
C73
C74
F1
F2
F3
F4
B1
F5
F6
F7
F8
B2
F9
F10
F11
F12
B3
F13
F14
F15
F16
B4
01
02
O3
04
05
N17
C75
C76
N18
C77
C78
N19

4673(3)
4806(3)
4678(4)
4805(4)
5081(4)
5215(3)
5481(3)
5949(4)
5884(3)
6159(3)
6187(3)
5962(3)
5711(3)
5680(3)
5366(5)
5060(4)
5983(6)
5832(7)
5556(6)
3297(4)
2949(3)
2873(3)
3931(3)
3260(5)
8750(8)
9202(4)
9056(5)
9764(5)
9166(6)
7913(4)
7400(3)
7496(3)
8454(3)
7837(6)
2055(4)
9418(8)
9770(4)
8870(4)
3548(4)

7953(10)
7819(8)
7677(7)
8802(5)
8551(7)

8032(12)
6443(6)

8096(3)
8434(3)
8974(3)
9204(3)
8902(3)
8365(3)
7958(3)
8519(3)
7505(3)
7321(3)
6779(3)
6421(3)
6606(3)
7152(2)
4858(3)
5121(4)
5364(4)
4528(4)
4944(4)
5388(2)
6231(2)
5803(3)
6014(3)
5862(4)
4519(4)
5303(2)
4987(2)
4617(5)
4875(4)
6646(2)
5890(2)
6080(3)
5862(2)
6131(5)
6007(3)
5558(8)
4787(3)
4778(3)
4102(3)
5525(5)
5663(5)
5804(6)
6266(4)
5790(6)
5308(8)
5234(4)

6430(3)
5821(4)
5720(4)
5080(4)
4549(4)
4674(3)
4198(3)
3204(4)
3312(3)
2689(3)
2600(3)
3118(3)
3741(3)
3836(3)
1401(4)
2481(4)
2068(5)
2325(5)
2061(6)
3471(4)
3350(3)
4389(3)
3992(3)
3816(6)
1913(5)
1749(3)
2827(3)
2170(7)
2159(5)
7888(3)
7503(3)
8664(3)
8149(3)
8005(6)
1981(3)
4784(8)
6002(5)
7896(5)
9153(5)
4077(8)

3483(10)
2763(9)
6208(5)
6190(7)

6086(12)
9575(6)

36.8(14)
39.0(15)
47.6(17)
49.4(17)
44.8(16)
35.6(14)
34.1(13)
49.1(18)
35.4(13)
38.6(14)
41.7(15)
38.0(14)
34.7(13)
31.1(13)
145(3)
148(3)
190(5)
219(6)
66(3)
116(3)
70.0(14)
110(3)
97(2)
59(2)
226(7)
111(3)
119(3)
232(7)
58(2)
94(2)
77.9(15)
103(2)
79.6(15)
67(3)
91(2)
294(10)
247(8)
192(6)
109(3)
176(7)
114(6)
145(7)
99(3)
107(4)
246(11)
104(3)
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C79
C80
N20
C81
C82
N21
C83
C84

6518(6)
6576(7)
2979(5)
2948(5)
2888(6)
2687(4)
2703(4)
2718(6)

5107(4)
4968(5)
6447(4)
6103(4)
5636(4)
6640(3)
6221(4)
5683(4)

9003(8)
8239(7)
9831(5)
9472(5)
8989(6)
6156(4)
6364(5)
6633(8)

91(4)
126(5)
89(3)
66(2)
83(3)
72(2)
59(2)
122(5)

Table B.3. Anisotropic Displacement Parameters (A*x10%) for DLA-3-216. The Anisotropic
displacement factor exponent takes the form: -2n°[h*a**U; +...+2hkaxbxU,]

Atom Un Uz Uss Uazs Uz U
Rul 262(2) 402(3) 241(2)  347(17)  -049(16)  -0.24(19)
N1 31(3) 43(3) 22(3) 0.0(19) 1.4(19) 3(2)
N2 34(3) 38(3) 29(3) 6(2) 6(2) 32)
N3 32(3) 37(3) 27(3) 2.8(19) 02) 402)
N4 32(3) 40(3) 23(3) 24(19)  -2.7(19) 102)
N5 35(3) £(3) 333) 102) 52) 2(2)
N6 21(2) 36(3) 32(3) 72) 2.4(19) 202)
N7 24(2) 5103) 21(3) 12) 20.6(18) 02)
N8 333) 51(3) 31(3) 72) 02) 8(2)
Cl 40(4) 44(4) 29(3) 202) -5(3) 3(3)
2 48(4) 35(3) 41(4) 203) 73) 0(3)
3 60(4) 41(4) 32(4) 403) 7(3) 7(3)
C4 43(4) 47(4) 33(4) 403) 303) 403)
Cs 33(3) 46(4) 27(3) 12) 202) 73)
C6 33(3) 43(4) 25(3) 202) 02) 43)
7 40(4) 47(4) 35(4) 3(3) 303) 73)
C8 33(3) 65(5) 20(4) 203) 8(3) 6(3)
9 31(3) 59(4) 22(3) 13) 02) 203)
C10 26(3) 50(4) 31(3) 13) 102) -6(3)
Cll 51(4) 48(4) 54(5) 033) 303) 203)
C12 64(5) 45(4) 70(6) -5(4) 11(4) -9(4)
Cl13 33(3) 70(5) 40(4) 303) 203) 303)
Cl4 48(5) 67(6) 83(7) -8(4) 22(4) L4(4)
Cls 31(3) 46(4) 33(3) 102) 303) 33)
Cl6 31(3) 70(5) 49(5) 0(3) 303) 203)
C17 28(3) 55(4) 28(3) 203) 32) 103)
Ci8 41(4) 46(4) 30(4) 4(3) 13) 2(3)
C19 52(4) 52(4) 28(4) 03) 93) 303)
€20 50(4) 51(4) 27(3) 203) 3(3) 6(3)
21 33(3) 47(4) 27(3) 303) 102) 203)
22 30(3) 45(4) 28(3) 102) 202) 203)
23 63(5) 49(4) 37(4) 403) 73) 2(4)
C24 28(3) 46(4) 31(3) 102) 102) 203)
C25 30(3) 51(4) 24(3) 202) 02) 2(3)
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C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
Ru2
N9
N10
Nl11
N12
N13
N14
NI15
N16
C38
C39
C40
C41
C42
C43
C44
C45
C46
C47
C48
C49
C50
Cs1
C52
C53
C54
C55
C56
C57
C58
C59
C60
Ccol
Co62

45(4)
60(5)
50(4)
29(3)
33(3)
59(5)
30(3)
43(4)
54(4)
49(4)
37(3)
29(3)

29.1(2)
32(3)
34(3)
30(3)
29(3)
40(3)
28(3)
30(3)
36(3)
33(3)
39(3)
34(4)
44(4)
37(3)
41(4)
40(4)
57(5)
54(4)
40(3)
35(4)
53(5)
60(5)
78(6)
39(4)
28(3)
27(3)
34(3)
41(4)
32(3)
29(3)
32(3)
48(4)
31(3)
30(3)

41(4)
40(4)
47(4)
50(4)
46(4)
49(4)
50(4)
61(5)
66(5)
48(4)
50(4)
49(4)
36.0(2)
39(3)
33(3)
32(3)
43(3)
47(3)
41(3)
38(3)
41(3)
49(4)
54(4)
73(5)
60(5)
51(4)
42(4)
55(4)
42(4)
42(4)
39(3)
67(5)
82(7)
45(4)
44(5)
44(4)
69(5)
57(4)
55(4)
61(5)
90(6)
67(5)
52(4)
47(4)
43(4)
43(4)

46(4)
42(4)
39(4)
29(3)
29(3)
38(4)
30(3)
32(4)
30(4)
43(4)
33(4)
32(4)
23.0(2)
25(3)
27(3)
27(3)
28(3)
33(3)
31(3)
26(3)
33(3)
31(3)
25(3)
40(4)
37(4)
26(3)
29(3)
43(4)
54(5)
41(4)
31(3)
35(4)
84(7)
52(5)
66(6)
24(3)
41(4)
25(3)
24(3)
33(4)
24(4)
36(4)
33(4)
48(4)
36(4)
44(4)

4(3)
903)
11(3)
5(3)
9(2)
5(3)
13)
5(3)
-8(3)
-4(3)
303)
303)
1.35(17)
1.2(19)
2.7(18)
1.1(18)
-3(2)
-11(2)
-5(2)
3.8(19)
6(2)
-3(3)
-4(3)
2(3)
5(3)
4(2)
3(2)
13(3)
903)
4(3)
0(2)
-6(3)
-1(5)
-3(3)
3(4)
2(2)
13)
-3(3)
-5(2)
0(3)
-3(3)
-903)
-7(3)
-14(3)
-5(3)
-6(3)

8(3)
2(3)
2(3)
-5(2)
1(2)
12(3)
0(2)
2(3)
4(3)
0(3)
0(3)
0(2)

-0.37(16)

0.6(19)
3(2)
3.2(19)
-5(2)
-3(2)
-1(2)
0.5(19)
1(2)
1(2)
1(2)
-2(3)
0(3)
0(3)
5(3)
5(3)
9(4)
12(3)
903)
-2(3)
-905)
8(4)
-2(4)
3(2)
-103)
-4(2)
-3(2)
13)
4(3)
-5(3)
-6(2)
-2(3)
0(3)
203)

-2(3)
-3(3)
-903)
0(3)
-2(3)

“1203)

-103)
-4(3)
1(4)
0(3)
-103)
303)

-0.63(19)

2(2)
1(2)
0(2)
-4(2)
2(3)
-3(2)
-3(2)
-8(2)
303)
-103)
303)
13(3)
2(3)
8(3)
903)
303)
0(3)
4(3)
-4(3)
-9(05)
-3(4)

-14(4)

4(3)
-3(3)
4(3)
303)
-3(3)
-4(3)
303)
-103)
303)
-5(3)
-5(3)
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C63 43(4) 44(4) 51(5) “4(3) 8(3) 2(3)
C64 55(4) 37(4) 57(5) 13) 5(3) “1(3)
C65 48(4) 40(4) 46(4) 13) -5(3) -8(3)
C66 33(3) 39(3) 35(4) 5(2) 0(3) -7(3)
C67 27(3) 47(4) 28(3) 8(2) 7(2) “103)
C68 57(4) 47(4) 44(4) 16(3) 3(3) 11(3)
C69 34(3) 44(4) 28(3) 5(2) 1(2) 2(3)
C70 33(3) 58(4) 25(3) 6(3) 4(2) 2(3)
C71 40(4) 59(4) 27(3) 3(3) 4(3) 5(3)
C72 36(3) 46(4) 32(4) -4(3) 13) 23)
C73 30(3) 47(4) 27(3) 5(2) 22) 4(3)
C74 27(3) 42(3) 24(3) 42) 1(2) 0(2)
Fl 234(10) 129(7) 68(5) 27(4) 228(5) -55(6)
F2 131(7) 195(9) 122(7) 32(6) 55(5) 53(6)
F3 247(11) 203(10) 124(7) -90(7) 61(7) _134(9)
F4 365(16) 134(8) 156(9) 11(6) 1(9) 169(10)
Bl 87(8) 52(6) 59(6) “13(4) _4(5) 23(5)
F5 121(5) 67(4) 157(7) 26(4) _42(5) 12(4)
F6 73(3) 69(3) 69(3) 16(2) 19(3) 7(3)
F7 93(4) 133(6) 106(5) 67(4) 52(4) 37(4)
F8 80(4) 165(6) 45(3) 20(3) “12(3) -58(4)
B2 55(5) 47(5) 75(7) 9(4) 21(5) 3(4)
F9 376(17) 190(10) 108(7) 20(6) -34(9) _186(11)
F10 248(8) 44(3) 41(3) 42) 4(4) _19(4)
F11 242(9) 66(4) 51(4) 15(3) 35(4) 31(5)
F12 155(9) 297(14) 253(13) 153(11) 105(9) 130(9)
B3 73(7) 47(5) 56(6) -10(4) 10(5) 6(5)
F13 155(6) 66(4) 59(4) 10(3) 42(4) 9(4)
Fl4 105(4) 74(4) 52(3) -6(2) 22(3) 9(3)
FI5 82(4) 155(7) 72(4) -8(4) 2(3) 23(4)
F16 76(4) 77(4) 85(4) 10(3) “13(3) 13)
B4 53(5) 82(8) 66(7) “17(5) ~7(5) _A(5)
01 120(6) 86(5) 67(5) _4(4) 13(4) 24(4)
02 188(14) 510(30) 186(16) 16(17) 6(12) -103(16)
03 265(16) 206(14) 262(17) 72(12) _78(14) _176(13)
04 206(12) 88(7) 291(16) -36(9) 120(11) “12(8)
05 62(4) 75(5) 189(9) ~7(5) “12(5) -6(4)
N17 300(20) 79(9) 157(14) ~7(8) 84(15) 4(11)
C75 127(11) 56(7) 166(16) 7(8) 73(12) 8(7)
C76 116(11) 134(14) 192(18) 58(12) 67(11) 56(10)
NI18 96(6) 92(6) 106(6) 12(5) _15(5) 9(5)
C77 113(6) 107(6) 102(6) 0(4) 7(4) _14(4)
C78 249(14) 229(14) 262(14) -10(9) 51(9) 223(9)
N19 100(8) 102(8) 110(9) 22(6) 14(7) 31(6)
C79 69(7) 62(7) 144(12) 11(7) 33(8) 2(5)
C80 153(13) 81(9) 148(13) -36(8) 57(10) -40(9)
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N20 99(7) 83(7) 84(7) 16(5) 1205) 3(5)
sl 64(6) 67(6) 68(6) 1(4) 15(4) 3(5)
C82 119(9) 61(6) 83(8) 2(5) 45(7) -5(6)
N21 79(5) 76(6) 62(5) 0(4) 3(4) 7(4)
C83 56(5) 56(5) 67(6) 2(4) 13(4) 2(4)
C84 105(9) 57(7) 208(16) 37(8) 53(10) 21(6)

Table B.4. Bond Lengths for DLA-3-216.

Atom Atom Length/A Atom Atom Length/A
Rul N1 2.035(5) N13 C59 1.382(9)
Rul N2 2.069(5) N13 C60 1.472(8)
Rul N3 2.036(5) N13 Col 1.358(8)
Rul N4 2.075(5) N14 ce2 1.358(8)
Rul N6 1.998(5) N14 C66 1.356(8)
Rul N7 2.076(5) N15 C67 1.329(8)
N1 Cé6 1.359(8) N15 C74 1.383(7)
N1 C10 1.358(8) Nl16 C67 1.374(8)
N2 Cl 1.362(8) Nl16 C68 1.486(8)
N2 C5 1.360(8) Nl16 C69 1.371(8)
N3 C15 1.129(8) C38 C39 1.389(9)
N4 C17 1.384(7) C39 C40 1.379(10)
N4 C24 1.350(8) C39 C48 1.475(10)
N5 C22 1.388(8) C40 C41 1.369(10)
N5 C23 1.466(8) C41 C42 1.415(9)
N5 C24 1.357(8) C42 C43 1.459(9)
N6 C25 1.353(8) C43 C44 1.371(9)
N6 C29 1.357(8) C44 C45 1.366(10)
N7 C30 1.338(8) C45 C46 1.394(10)
N7 C37 1.406(8) C46 C47 1.382(9)
N8 C30 1.341(8) C46 C50 1.480(10)
N8 C31 1.468(8) C48 C49 1.312(10)
N8 C32 1.370(9) C50 Csl1 1.305(10)
Cl C2 1.392(9) C52 C53 1.446(9)
C2 C3 1.390(10) C54 C55 1.389(9)
C2 Cl1 1.477(10) C54 C59 1.407(9)
C3 C4 1.379(10) Cs5 C56 1.394(9)
C4 Cs 1.391(9) C56 57 1.409(10)
C5 Cé6 1.465(9) C57 C58 1.378(10)
C6 C7 1.385(9) 58 C59 1.394(9)
C7 C8 1.386(10) Col ce2 1.468(9)
C8 9 1.403(9) ce2 C63 1.390(9)
Cc9 C10 1.401(8) C63 Co4 1.380(10)
Cc9 C13 1.467(10) Co4 C65 1.387(10)
Cl1 Cl12 1.312(10) C65 C66 1.390(9)
C13 Cl14 1.297(10) C66 Co67 1.469(9)
C15 Cl6 1.456(9) C69 C70 1.397(8)
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C17 CI18 1.399(9) C69 C74 1.402(8)
C17 C22 1.419(9) C70 C71 1.371(9)
CI18 C19 1.381(8) C71 C72 1.414(9)
C19 C20 1.417(9) C72 C73 1.381(8)
C20 C21 1.372(9) C73 C74 1.384(9)
C21 C22 1.394(8) F1 Bl 1.312(12)
C24 C25 1.468(8) F2 Bl 1.339(12)
C25 C26 1.375(9) F3 Bl 1.331(14)
C26 C27 1.405(9) F4 Bl 1.263(12)
C27 C28 1.377(10) F5 B2 1.362(11)
C28 C29 1.382(9) F6 B2 1.398(11)
C29 C30 1.472(9) F7 B2 1.352(10)
C32 C33 1.395(9) F8 B2 1.362(11)
C32 C37 1.409(9) F9 B3 1.270(13)
C33 C34 1.349(10) F10 B3 1.331(11)
C34 C35 1.439(10) FI11 B3 1.330(11)
C35 C36 1.375(9) F12 B3 1.310(12)
C36 C37 1.402(9) F13 B4 1.319(13)
Ru2 N9 2.049(5) F14 B4 1.381(11)
Ru2 N10 2.073(5) F15 B4 1.446(12)
Ru2 N1l 2.038(5) F16 B4 1.372(12)
Ru2 N12 2.069(5) N17 C75 1.20(2)
Ru2 N14 2.000(5) C75 C76 1.43(2)
Ru2 N15 2.074(5) NI18 C77 1.287(15)
N9 C38 1.329(8) C77 C78 1.57(2)
N9 C42 1.356(8) N19 C79 1.150(16)
N10 C43 1.381(8) C79 C80 1.507(17)
N10 C47 1.336(8) N20 C81 1.100(12)
N1l C52 1.130(8) C81 C82 1.491(12)
N12 C54 1.383(8) N21 C83 1.125(11)
NI12 Cél 1.340(8) C83 C84 1.443(12)
Table B.5. Bond Angles for DLA-3-216
Atom Atom Atom Angle/° Atom Atom Atom Angle/°
NI Rul N2 79.0(2) C38 N9 Ru2 126.0(4)
N1 Rul N3 172.1(2) C38 N9 C42 119.5(6)
NI Rul N4 91.16(19) C42 N9 Ru2 114.5(4)
NI Rul N7 91.99(18) C43 N10 Ru2 114.8(4)
N2 Rul N4 97.3(2) C47 N10 Ru2 126.7(4)
N2 Rul N7 105.8(2) C47 N10 C43 118.3(5)
N3 Rul N2 93.2(2) C52 N1l Ru2 178.2(5)
N3 Rul N4 89.61(19) C54 N12 Ru2 140.4(5)
N3 Rul N7 90.36(19) Co1 N12 Ru2 113.0(4)
N4 Rul N7 156.9(2) Co1 N12 C54 106.5(5)
N6 Rul NI 96.4(2) C59 N13 C60 125.2(6)
N6 Rul N2 173.9(2) Col N13 C59 106.8(6)
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N6
N6
N6
C6
C10
C10
C1
G5
G5
CI5
C17
C24
C24
C22
C24
C24
C25
C25
C29
C30
C30
C37
C30
C30
C32
N2
C1
C3
C3
C4
C3
N2
N2
C4
NI
NI
C7
C6
C7
C8
C10
C10
NI
Cl12
Cl4
N3

Rul
Rul
Rul
N1
N1
N1
N2
N2
N2
N3
N4
N4
N4
N5
N5
N5
N6
N6
N6
N7
N7
N7
N8
N8
N8
Cl
C2
C2
C2
C3
C4
C5
C5
C5
Co6
Co6
Co6
C7
C8
C9
C9
C9
C10
Cl1
Cl13
Cl15

N3
N4
N7
Rul
Rul
Co6
Rul
Rul
Cl
Rul
Rul
Rul
Cl17
C23
C22
C23
Rul
C29
Rul
Rul
C37
Rul
C31
C32
C31
C2
Cl1
Cl
Cl1
C2
C5
C4
Co6
Co6
C5
C7
C5
C8
C9
Cl13
C8
Cl13
C9
C2
C9
Cle6

91.43(19)

78.8(2)
78.1(2)
116.0(4)
125.9(4)
118.1(5)
127.2(4)
114.0(4)
118.0(5)
176.4(5)
141.5(4)
112.3(4)
106.3(5)
124.6(6)
107.6(5)
127.7(6)
119.8(4)
120.0(6)
119.8(4)
113.8(4)
105.6(5)
140.6(5)
127.9(6)
107.3(5)
124.5(6)
123.5(6)
119.0(7)
117.3(6)
123.7(6)
119.9(6)
120.1(6)
121.0(6)
115.0(6)
124.0(6)
114.5(5)
121.8(6)
123.7(6)
119.6(6)
120.1(6)
123.9(6)
116.7(6)
119.4(6)
123.6(6)
126.0(8)
126.0(8)
179.1(7)

Co1
C62
C66
C66
Co67
Co67
C74
Co67
C69
C69
N9
C38
C40
C40
C41
C40
N9
N9
C41
N10
C44
C44
C45
C44
C45
C47
C47
N10
C49
Cs1
NI11
N12
N12
C55
C54
C55
C58
C57
N13
N13
C58
N12
N12
N13
N14
N14

N13
N14
N14
N14
N15
N15
N15
N16
N16
N16
C38
C39
C39
C39
C40
C41
C42
C42
C42
C43
C43
C43
C44
C45
C46
C46
C46
C47
C48
C50
C52
C54
C54
C54
C55
C56
C57
C58
C59
C59
C59
Co1
Co1
Co1
C62
C62

C60
Ru2
Ru2
Co62
Ru2
C74
Ru2
Co68
Co67
Co68
C39
C48
C38
C48
C39
C42
C41
C43
C43
C42
N10
C42
C43
C46
C50
C45
C50
C46
C39
C46
C53
C55
C59
C59
C56
C57
C56
C59
C54
C58
C54
N13
Co62
Co62
Col
C63

128.0(6)
119.1(4)
119.9(4)
120.8(6)
113.6(4)
106.6(5)
139.7(4)
126.4(6)
106.7(5)
126.9(6)
123.3(6)
118.5(6)
117.7(7)
123.7(6)
120.0(7)
119.7(7)
119.6(6)
117.4(6)
123.0(6)
113.4(6)
120.1(6)
126.5(6)
121.0(7)
119.4(7)
123.9(7)
117.4(7)
118.7(7)
123.7(7)
126.6(8)
125.1(8)
178.1(7)
131.4(6)
108.0(6)
120.5(6)
117.3(6)
121.4(7)
121.9(6)
116.4(6)
106.8(6)
130.6(7)
122.5(7)
111.9(6)
118.4(6)
129.6(6)
110.4(6)
119.9(6)
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N4
N4
CI18
C19
CI18
C21
C20
N5
N5
C21
N4
N4
N5
N6
N6
C26
C25
C28
C27
N6
N6
C28
N7
N7
N8
N8
N8
C33
C34
C33
C36
C35
N7
C36
C36
N9
N9
N9
N10
N1l
N1l
N1l
N1l
N12
N12
N14

Cl17
Cl17
Cl17
Cl18
C19
C20
C21
C22
C22
C22
C24
C24
C24
C25
C25
C25
C26
C27
C28
C29
C29
C29
C30
C30
C30
C32
C32
C32
C33
C34
C35
C36
C37
C37
C37
Ru2
Ru2
Ru2
Ru2
Ru2
Ru2
Ru2
Ru2
Ru2
Ru2
Ru2

CI18
C22
C22
C17
C20
C19
C22
C17
C21
C17
N5
C25
C25
C24
C26
C24
C27
C26
C29
C28
C30
C30
N8
C29
C29
C33
C37
C37
C32
C35
C34
C37
C32
N7
C32
N10
N12
N15
N15
N9
N10
N12
N15
N10
N15
N9

131.1(6)
108.6(6)
120.2(6)
117.5(6)
121.1(7)
122.7(6)
116.1(6)
105.8(5)
131.8(6)
122.4(6)
111.7(6)
118.7(6)
129.4(6)
109.9(6)
121.7(6)
128.4(6)
118.4(6)
119.4(7)
120.0(6)
120.4(6)
110.2(6)
129.3(6)
112.7(6)
117.5(5)
129.7(6)
132.3(6)
107.2(6)
120.5(7)
117.7(6)
122.1(7)
121.1(7)
116.2(6)
107.2(6)
130.5(6)
122.3(6)
79.4(2)

91.89(19)
90.87(19)
105.06(19)

174.2(2)

94.82(19)
88.75(19)
90.79(18)

98.1(2)
156.8(2)
96.0(2)

C63
Co4
C63
Co4
N14
N14
C65
N15
N15
N16
N16
N16
C70
C71
C70
C73
C72
N15
N15
C73
F1
F1
F3
F4
F4
F4
F5
F7
F7
F7
F8
F8
F9
F9
F9
F11
F12
F12
F13
F13
F13
F14
F16
F16
N17
N18

C62
C63
Co4
C65
C66
C66
C66
Co67
Co67
Co67
C69
C69
C69
C70
C71
C72
C73
C74
C74
C74
B1
B1
B1
B1
B1
B1
B2
B2
B2
B2
B2
B2
B3
B3
B3
B3
B3
B3
B4
B4
B4
B4
B4
B4
C75
C77

Co1
C62
C65
C66
C65
Co67
Co67
N16
C66
C66
C70
C74
C74
C69
C72
C71
C74
C69
C73
C69
F2
F3
F2
F1
F2
F3
F6
F5
F6
F8
F5
F6
F10
F11
F12
F10
F10
F11
F14
F15
F16
F15
F14
F15
C76
C78

129.6(6)
119.5(7)
120.3(7)
118.4(7)
120.9(6)
109.8(5)
129.2(6)
111.4(6)
118.3(5)
130.4(6)
131.5(6)
107.0(5)
121.6(6)
116.8(6)
121.9(6)
120.9(6)
117.6(6)
108.2(6)
130.7(5)
121.1(6)

117.1(11)

106.3(10)
100.3(9)

109.8(10)

109.1(11)

114.0(13)
107.5(9)
109.6(8)
110.8(7)
111.7(9)
107.3(8)
109.8(7)

113.5(10)

112.3(10)

100.7(11)
114.0(8)

109.9(10)

105.2(10)

112.3(10)
106.8(9)
114.6(9)
106.5(8)
114.1(9)
101.3(9)

177.1(16)

162.0(16)

226



N14 Ru2 N10 174.5(2) NI19 C79 C80 176.0(14)
N14 Ru2 NI11 89.7(2) N20 C81 C82 178.6(12)
N14 Ru2 N12 78.8(2) N21 C83 C84 179.5(11)
N14 Ru2 N15 78.0(2)

Table B.6. Torsion Angles for DLA-3-216.

A B C D Angle/° A B C D Angle/°

Rul N1 Coé C5 1.8(7) Ru2 NO9 Cc38 C39 178.6(4)
Rul N1 Co6 C7 -178.4(5) Ru2 NO9 C42 C41 -177.8(5)
Rul NI C10 C9 176.4(4) Ru2 NO9 C42 (43 1.5(7)
Rul N2 Cl C2 -164.6(5) Ru2 NI10 C43 C42 -7.2(6)
Rul N2 C5 C4 165.2(5) Ru2 NI10 C43 C44 171.8(5)
Rul N2 C5 Coé -13.5(6) Ru2 NIO C47  C46 -171.6(5)
Rul N4 C17 Ci18 -5.1(12) Ru2 NI12 C54  C55 -1.1(11)
Rul N4 C17 C22 178.1(5) Ru2 NI2 C54 C59 -178.4(5)
Rul N4 C24 N5 -177.9(4) Ru2 NI2 C6l1 NI3 -180.0(4)
Rul N4 C24  C25 6.9(7) Ru2 NI2  Cé6l Co2 4.5(7)
Rul N6 C25 C24 6.7(7) Ru2 N4 C62  Cé6l 5.2(7)
Rul N6 C25  C26 -171.6(5) Ru2 NI4 C62 C63 -171.5(5)
Rul N6 C29  C28 171.1(5) Ru2 NI4 C66  C65 170.2(5)
Rul N6 C29  C30 -6.8(7) Ru2 NI4 C66  Co67 -5.9(7)
Rul N7 C30 N8 175.3(4) Ru2 NI5 C67 NI6 173.7(4)
Rul N7 C30 C29 -5.6(7) Ru2 NI5 C67 C66 -6.1(7)
Rul N7 C37 C32 -174.2(5) Ru2 NI5 C74 C69 -174.8(5)
Rul N7 C37  C36 5.4(11) Ru2 NI5 C74 C73 7.3(11)
N1 Co6 C7 C8 0.8(10) NO9 C38 C39 C40 -0.4(9)
N2 Cl C2 C3 -0.5(10) NO9 C38 C39 (48 -178.3(6)
N2 Cl C2 Cl1 179.8(6) NO9 C42 C43  NIO 3.8(8)
N2 C5 Co6 N1 7.9(8) NO9 C42  C43 C44 -175.1(6)
N2 C5 Coé C7 -172.0(6) NIO C43 C44 (45 1.3(10)
N4 C17 C18 CI19 -176.0(6) NI2 C54 C55  C56 -177.3(6)
N4 Cl17 C22 N5 0.3(7) NI2 C54 C59 N13 1.0(7)
N4 C17 C22 (21 178.5(5) NI2 C54 C59  CS8 178.6(6)
N4 C24  C25 N6 -8.9(8) NI12  Cé61 C62  Nl4 -6.3(8)
N4 C24 C25 C26 169.3(6) NI12  Cé6l Cc62  C63 170.0(7)
N5 C24 C25 N6 176.8(6) NI13 Cel C62  Nl4 179.1(6)
N5 C24 C25 C26 -5.0(11) NI13 Cel C62  C63 -4.5(12)
N6 C25 C26 C27 0.2(10) N4 C62  C63 Co4 0.1(11)
N6 C29  C30 N7 8.0(8) N4 C66  C67  NI5 7.8(8)
N6 C29  C30 N8 -173.2(6) N4 C66  C67 NIl6 -172.0(6)
N8 C32 (C33 C34 -179.6(7) N6 C69 C70 C71 -179.0(6)
N8 C32  C37 N7 -0.8(7) N6 C69 C74 NI5 0.3(7)
N8 C32 C37 C36 179.6(6) N6 C69 C74  C73 178.5(5)
Cl N2 C5 C4 -4.909) C38 NO9 C42 C41 2.009)

C1 N2 C5 Coé 176.4(5) C38 N9 C42  C43 -178.7(5)

227



Cl
Cl
C2
C3
C3
C3
C4
C4
C5
C5
C6
C6
C7
C7
C8
C8
C10
C10
C10
Cll1
CI13
C17
C17
C17
CI18
CI18
CI18
C19
C20
C20
C22
C22
C22
C23
C23
C23
C23
C24
C24
C24
C24
C24
C25
C25
C25
C26

C2
C2
C3
C2
C4
C4
C5
C5
N2
C6
NI
C7
C8
C8
C9
C9
NI
NI
C9
C2
C9
N4
N4
CI18
C17
C17
C19
C20
C21
C21
N5
N5
C17
N5
N5
N5
N5
N4
N4
N5
N5
C25
N6
N6
C26
C27

C3
Cl1
C4
Cl1
C5
C5
C6
C6
Cl
C7
C10
C8
C9
C9
C10
C13
C6
C6
C13
C3
C10
C24
C24
C19
C22
C22
C20
C21
C22
C22
C24
C24
CI18
C22
C22
C24
C24
C17
C17
C22
C22
C26
C29
C29
C27
C28

C4
Cl12
C5
Cl12
N2
C6
NI
C7
C2
C8
C9
C9
C10
C13
NI
Cl4
C5
C7
Cl4
C4
NI
N5
C25
C20
N5
C21
C21
C22
N5
C17
N4
C25
C19
C17
C21
N4
C25
CI18
C22
C17
C21
C27
C28
C30
C28
C29

2.3(10)
~170.4(8)
1.5(10)
9.8(12)
2.3(10)
-179.2(6)
-170.7(6)
9.4(10)
4.109)
-179.3(6)
~1.8(9)
0.0(10)
~1.6(9)
177.9(6)
2.6(9)
-6.4(12)
~179.8(5)
0.0(9)
173.1(8)
177.5(6)
-177.0(5)
1.6(7)
“173.7(5)
22.1(10)
-176.9(6)
1.2(9)
2.2(11)
-0.5(10)
176.4(7)
~1.2(9)
“1.4(7)
173.2(6)
0.5(9)
-176.2(6)
5.9(11)
175.3(6)
-10.1(11)
175.7(7)
1.1(7)
0.6(7)
_177.3(6)
-177.7(6)
2.2(9)
179.9(5)
“1.7(11)
1.3(11)

C38
C38
C39
C40
C40
C40
C41
C41
C42
C42
C43
C43
C44
C44
C45
C45
C47
C47
C47
C48
C50
C54
C54
C54
C55
C55
C55
C56
C57
C57
C59
C59
C59
C60
C60
C60
C60
Col
Col
Col
Col
Col
Co62
Co62
C62
C63

C39
C39
C40
C39
C41
C41
C42
C42
N9
C43
N10
C44
C45
C45
C46
C46
N10
N10
C46
C39
C46
N12
N12
C55
C54
C54
C56
C57
C58
C58
N13
N13
C54
N13
N13
N13
N13
N12
N12
N13
N13
Co62
N14
N14
C63
Co4

C40
C48
C41
C48
C42
C42
C43
C43
C38
C44
C47
C45
C46
C46
C47
C50
C43
C43
C50
C40
C47
Co1
Co1
C56
C59
C59
C57
C58
C59
C59
Co1
Co1
C55
C59
C59
Co1
Co1
C54
C54
C59
C59
C63
C66
C66
Co4
C65

C41
C49
C42
C49
N9
C43
N10
C44
C39
C45
C46
C46
C47
C50
N10
Cs1
C42
C44
Cs1
C41
N10
N13
C62
C57
N13
C58
C58
C59
N13
C54
N12
C62
C56
C54
C58
N12
C62
C55
C59
C54
C58
Co4
C65
Co67
C65
C66

1.2(10)
177.7(8)
-0.4(10)
20.1(12)
-1.2(10)
179.5(6)

~176.9(6)
4.2(10)

~1.2(9)
~179.8(6)

3.2(9)

1.5(11)
-1.9(10)

-179.7(7)
-0.5(10)
7.4(12)
177.4(5)

-3.6(9)
~170.4(8)
179.0(6)
177.5(6)
2.6(7)
~172.9(5)
-0.9(10)
-176.7(5)
0.9(9)
1.5(11)
-0.9(10)
176.7(6)
-0.3(9)
2.0(7)
172.9(6)
-0.2(9)
~178.7(6)
4.0(11)
177.2(6)
27.9(11)
175.3(6)
2.1(7)
0.5(7)
-176.8(6)
-175.9(7)
~4.5(9)
179.4(5)
2.1(11)
0.8(11)
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C27
C27
C28
C28
C29
C29
C30
C30
C30
C30
C31
C31
C31
C31
C32
C32
C32
C33
C33
C33
C34
C35
C35
C37
C37
C37

C28
C28
C29
C29
N6
N6
N7
N7
N8
N8
N8
N8
N8
N8
N8
N8
C33
C32
C32
C34
C35
C36
C36
N7
N7
C32

C29
C29
C30
C30
C25
C25
C37
C37
C32
C32
C30
C30
C32
C32
C30
C30
C34
C37
C37
C35
C36
C37
C37
C30
C30
C33

N6
C30
N7
N8
C24
C26
C32
C36
C33
C37
N7
C29
C33
C37
N7
C29
C35
N7
C36
C36
C37
N7
C32
N8
C29
C34

0.7(10)
178.1(7)
-169.7(6)
9.2(12)
-179.9(5)
1.8(9)
1.4(7)
-179.0(7)
178.3(7)
-0.2(7)
~172.6(6)
8.5(11)
-7.6(11)
173.9(6)
1.2(7)
-177.7(6)
1.5(11)
-179.5(6)
0.8(10)
-1.5(12)
1.0(10)
179.7(6)
-0.7(10)
“1.7(7)
177.4(5)
-1.2(10)

Co4
Co4
C65
C65
C66
C66
Co67
Co67
Co67
Co67
C68
C68
C68
C68
C69
C69
C69
C70
C70
C70
C71
C72
C72
C74
C74
C74

C65
C65
C66
C66
N14
N14
N15
N15
N16
N16
N16
N16
N16
N16
N16
N16
C70
C69
C69
C71
C72
C73
C73
N15
N15
C69

C66
C66
Co67
Co67
C62
C62
C74
C74
C69
C69
Co67
Co67
C69
C69
Co67
Co67
C71
C74
C74
C72
C73
C74
C74
Co67
Co67
C70

N14
Co67
N15
N16
Col
C63
C69
C73
C70
C74
N15
C66
C70
C74
N15
C66
C72
N15
C73
C73
C74
N15
C69
N16
C66
C71

2.5(10)
177.7(6)
-167.9(6)
12.4(11)
179.9(5)
3.2(9)
2.4(7)
-175.5(6)
179.1(7)
2.8(7)
_174.7(6)
5.1(10)
_1.6(11)
176.5(6)
4.6(7)
~175.6(6)
~1.3(10)
178.6(6)
-3.2(9)
-0.7(10)
0.7(9)
178.9(6)
1.2(9)
_4.4(7)
175.8(5)
3.2(9)

Table B.7. Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement Parameters

(A*x10%) for DLA-3-216

Atom X y y/ U(eq)
Hl 8579 1170 4292 46
H3 9605 153 5610 53
H4 10501 780 5760 49
H7 11372 1353 5695 49
H8 12169 2062 5760 51
H10 10725 2976 4710 43
H11 8092 298 4398 61

H12A 8644 -352 5464 71

H12B 7940 -467 4955 71
H13 11822 3387 5040 57

H14A 12762 2821 5896 80

H14B 12840 3441 5629 80

H16A 7109 1918 3127 75

H16B 6847 2392 3613 75

H16C 6873 1794 3906 75
H18 8784 1514 5993 47
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HI19
H20
H21
H23A
H23B
H23C
H26
H27
H28
H31A
H31B
H31C
H33
H34
H35
H36
H38
H40
H41
H44
H45
H47
H48
H49A
H49B
H50
HS51A
H51B
HS53A
H53B
H53C
HS55
H56
H57
H58
H60A
H60B
H60C
H63
H64
H65
H68A
H68B
H68C
H70
H71

8300
8078
8255
8285
9120
8631
8833
9078
9544
10604
10517
9862
10617
10741
10372
9921
6403
7935
7193
6387
5524
4327
7470
8553
8553
3868
4579
3819
2779
2626
2516
4544
4067
3788
3923
3871
4703
4300
4503
4704
5176
5518
6273
6171
6319
6362

1396
2127
3001
3947
3971
3766
4137
4503
3955
3291
3627
3556
2426
1519
924
1247
8073
7175
6441
5795
5153
6248
8506
7928
8567
5368
4645
4554
6979
7563
7051
6531
6366
7068
7956
8912
9005
8753
9184
9571
9058
8681
8448
8764
7560
6640

7090
7809
7438
6119
6254
6861
5087
3978
3126
1877
2581
2035
1407
1293
2168
3210
5670
6580
6492
6423
6249
5220
5979
6635
6441
5254
6126
5701
4158
4454
4938
6875
7972
8716
8376
7149
7217
7858
6089
5004
4109
3002
2829
3547
2344
2178

52
51
45
74
74
74
52
57
54
73
73
73
54
60
56
48
45
59
57
55
61
44
55
88
88
63
75
75
69
69
69
45
54
58
53
72
72
72
57
59
54
74
74
74
46
50
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H72 5985 6048 3035 46

H73 5565 6367 4093 42
HIA 2243 5949 1581 136
HIB 1832 5723 2110 136
H2A 9648 5789 5046 441
H2B 8975 5643 4756 441
H3A 9391 4954 5854 371
H4A 9001 5017 8206 288
H4B 8883 4915 7477 288
H3B 10004 4987 6304 288
H5A 3999 4053 9143 164
H5B 3461 4352 9453 164
H76A 8084 5714 2489 218
H76B 7585 6187 2728 218
H76C 7265 5606 2580 218
H78A 7711 5377 5681 369
H78B 7762 5264 6508 369
H78C 8301 4982 6004 369
H80A 6105 4944 8014 189
H80B 6816 4625 8199 189
H80C 6845 5246 8008 189
H82A 3250 5660 8641 132
H82B 2422 5636 8750 132
H82C 2952 5307 9260 132
H84A 2572 5435 6257 183
H84B 2395 5654 7018 183
H84C 3196 5595 6806 183

B.1. Experimental Information for Crystal Structure

Single crystals of CssHgoB4F16sN2OsRu, [DLA-3-216] were grown by solution diffusion of
diethyl ether into a RuOH,>* solution in CH3CN resulting in CH;CN coordination. A suitable
crystal was selected and placed on a 'Bruker APEX-II CCD' diffractometer. The crystal was kept
at 100.15 K during data collection. Using Olex2 [1], the structure was solved with the
olex2.solve [2] structure solution program using Charge Flipping and refined with the Shel XL
[3] refinement package using Least Squares minimisation.
[1] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H. Puschmann,

OLEX2: a complete structure solution, refinement and analysis program. J. Appl. Cryst. (2009).
42,339-341.
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[2] olex2.solve (L.J. Bourhis, O.V. Dolomanov, R.J. Gildea, J.A.K. Howard, H. Puschmann,
in preparation, 2011)

[3] SHELXL, G.M. Sheldrick, Acta Cryst. (2008). A64, 112-122
Crystal structure determination of [DLA-3-216]

Crystal Data for Cg4sHgoB4F6N2;0sRuy (M =2022.14): monoclinic, space group P2,/c (no.
14), a=19.0462(4) A, b =25.0845(6) A, c = 19.0686(4) A, p = 92.458(2)°, V=9101.9(3) A’
Z=4,T=100.15K, p(CuKa) =3.511 mm™, peae = 1.476 g/mm’, 66621 reflections measured
(4.644 <20 < 140.488), 16885 unique (Riye = 0.0785) which were used in all calculations. The
final R; was 0.0687 (I > 2o(I)) and wR; was 0.1920 (all data).

This report has been created with Olex2, compiled on Apr 9 2013 14:10:59.
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APPENDIX C: SYNTHESIS, CHARACTERIZATION, AND WATER OXIDATION BY
A MOLECULAR CHROMOPHORE-CATALYST ASSEMBLY PREPARED BY
ATOMIC LAYER DEPOSITION. THE “MUMMY” STRATEGY

r C.1. Transmission electron microscopy images of nanoITl-Ru-P2+/A1203-(é-, b, ) and
nanolTO/ALO; (d, e, f) core/shell structure (core = nanolTO|-RuP** or nanolTO; shell =
AL O3). The AL,Oj5 shell was formed by 20 cycles of Al(CH3)3/H,0.
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Figure C.2. CV scan at pH 8.8 of nanoITO(10-AO)|-RuP**(10-A0)|-RuCP(OH,)**(10-A0)
(Conditions: v =20 mV s™'; Ag/AgCl, 3 M NaCl reference electrode; Pt-mesh counter electrode).
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Figure C 3. SEM 1mages of (a) nanoTlOz and (b) nanoIO
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