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ABSTRACT: We present the first analysis of performance of hydroxamate
linkers as compared to carboxylate and phosphonate groups when
anchoring ruthenium-polypyridyl dyes to TiO, surfaces in dye-sensitized
solar cells (DSSCs). The study provides fundamental insight into structure/
function relationships that are critical for cell performance. Our DSSCs
have been produced by using newly synthesized dye molecules and
characterized by combining measurements and simulations of experimental
current density—voltage (J-V) characteristic curves. We show that the
choice of anchoring group has a direct effect on the overall sunlight-to-
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electricity conversion efficiency (77), with hydroxamate anchors showing the

best performance. Solar cells based on the pyridyl-hydroxamate complex exhibit higher efficiency since they suppress electron
transfer from the photoanode to the electrolyte and have superior photoinjection characteristics. These findings suggest that
hydroxamate anchoring groups should be particularly valuable in DSSCs and photocatalytic applications based on molecular
adsorbates covalently bound to semiconductor surfaces. In contrast, analogous acetylacetonate anchors might undergo
decomposition under similar conditions suggesting limited potential in future applications.

B INTRODUCTION

The efficient utilization of solar energy is a promising solution to
current energy and environmental concerns. Traditional
photovoltaic devices, however, are based on costly p-n junctions
of high-quality silicon wafers, making solar cells affordable only at
a moderate scale, or for specific applications (e.g,, satellites).”>
Therefore, there has been significant interest in the development
of alternative solar cells based on inexpensive materials such as
dye-sensitized solar cells (DSSCs) made of sensitized nano-
particulate thin-films.* Since the work by O’Regan and Griitzel in
1991,° DSSCs quickly reached conversion efficiencies >10%.°
However, only modest improvements in efficiency have been
reported over the last 20 years since these initial break-
throughs.”™® This has been partially due to the lack of
understanding of how the various redox/transport processes
determine the overall cell performance and how they are affected
by the nature of the assembly components. In this article, we
focus on the effect of anchoring groups on the overall sunlight-to-
electricity conversion. To the best of our knowledge, this is the
first analysis of performance of hydroxamate linkers as compared
to carboxylate and phosphonate groups when anchoring
ruthenium-polypyridyl dyes to TiO, surfaces, in complete dye-
sensitized solar cells (DSSCs).

Figure 1 shows a schematic diagram of a DSSC, including the
photoexcitation, redox, and transport processes initiated by
absorption of visible light. While the TiO, band gap lies in the UV
region (at approximately 3.0—3.2 €V),'* functionalization of
TiO, surfaces with dye molecules sensitizes them to absorption
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of visible light. Electrons are transferred to the conduction band
of the semiconductor upon photoexcitation of a dye to an excited
electronic state that is isoenergetic with electronic states in the
TiO, conduction band. The injected electron can flow through
an external circuit and be collected by the counter-electrode. A
redox mediator, most commonly I;7/I", then accepts the
electron from the cathode and fills the hole left on the dye.*
Important aspects for optimization of the cell performance are,
thus, selection of the dye and its attachment motif to the
semiconductor surface.

Many of the most efficient DSSC dyes are ruthenium-
polypyridyl complexes.*”"'™"* Small variations in the dye
structure can lead to large changes in the overall cell
performance.”'* Ligand exchange affects the visible absorption,
and thus the overall efficiency, of Ru(dcbpy),X, (dcbpy = 2,2’
bipyridyl-4,4'-dicarboxylate, X = CI~, Br, I, CN~, SCN~) with
the thiocyanate complex giving the best performance.® Other
important changes that can dramatically affect solar cell efficiency
are the protonation state of the carboxylate anchoring groups in
Ru(dcbpy),(NCS)," and modifications of the pyridyl-based
ligands.9 Impressively, Ru(dcbpy),(NCS),, and other analogous
complexes have been shown to have incident photon to charge
carrier conversion efficiencies of unity across portions of the
visible spectrum.®”'>"3
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Figure 1. Schematic representation of a dye-sensitized solar cell.

Though effective in DSSCs, dyes bearing carboxylate anchors
have been shown to have limited stability in aqueous and highly
oxidizing conditions.'>'® This would make them unsuitable for
use in an artificial photosynthetic cell. In such a device the redox
mediator is removed and the acetonitrile solvent is replaced by
water. The circuit is then closed by oxidation of water to
dioxygen at the anode and cathodic reduction of the generated
protons to dihydrogen.'®'” A few examples of functional water-
splitting cells based on such scheme have been reported,'® >
showing promise of a viable way of capturing and storing solar
energy.

Many water stable anchoring groups have been suggested as
replacements for carboxylates in DSSC and artificial photosyn-
thesis applications. Phosphonate anchors are the most
commonly implemented,">'***** although hydroxamate,*~>’
catecholate,”®*” and acetylacetonate** > anchors have also been
explored. To date, however, most reported water-splitting
devices based on molecular catalysts have employed phospho-
nates to anchor the dye molecules to TiO, thin-films.*"**

Phosphonate anchors bind to TiO, surfaces more tightly than
carboxylates.' However, they are usually less efficient than
carboxylates at facilitating interfacial electron transfer.>*** The
reduced electron injection efficiency is not always a problem
since some phosphonate complexes are capable of quantitative
electron injection.*® Additionally, the decrease in injection rate
does not always correlate with a decrease in photoconversion
efficiency. In fact, there are examples of systems in which
ruthenium dyes bound through phosphonic acid anchors
outperform their carboxylate counterparts because of differential
rates of other charge transfer processes required for cell
operation.”**” Recently, an attempt to combine the binding
affinity of the phosphonate anchor with the electron injection
efficiency of carboxylates was reported.”® Though this method
proved successful for the reported sensitizer, applications may be
limited because of the geometric constraints imposed by this
strategy.

In contrast to phosphonates, hydroxamates have been shown
to bind more tightly to semiconductor surfaces and inject
electrons into TiO, more efficiently than the industry-standard
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carboxylates, thus resolving both issues with a single anchor.*>*”

These advantages are presumably due to dianionic character.
Specifically, hydroxamic acids, R-CONHOH, can undergo facile
double deprotonation, thus providing dianionic anchoring
groups that readily form oxidation- and water-stable S-membered
chelate rings with suitable metal ions (eq 1). In this way,
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hydroxamic acids find use in both pharmacological and
bioinorganic applications, acting as metal-binding groups in
drugs and siderophores, respectively.** While ruthenium
complexes with acetylacetonate anchors have been studied,*®
ruthenium complexes bearing hydroxamate anchors have not
been investigated for solar applications, probably because of the
lack of previously established synthetic pathways. Additionally,
the direct effect of the hydroxamate anchor on sunlight-to-
electricity conversion efliciency has not been previously
investigated. In fact, to the best of our knowledge, no DSSC
data has been previously reported for a dye bearing a
hydroxamate anchor.

This paper focuses on the synthesis of ruthenium dyes that
differ only in their anchoring group and the analysis of their
performance in DSSCs. We analyze our own series of new dyes of
the form [Ru(terpy)(tbbpy)L][BF,], (terpy = 2,2;6',2"-
terpyridine, tbbpy = 4,4’-di-tert-butyl-2,2'-bipyridine, L
anchoring ligand), that have been synthesized, characterized
spectroscopically, and tested for their efficiency in complete
DSSC assemblies. Their relative performance is assessed through
measurements of the current—voltage (J-V) characteristic curves
and simulations of the J-V curves based on an equivalent circuit
model, as in previous work.*! The analysis shows how different
anchoring groups affect photoconversion efficiency by changing
the various current components, including photoinjection,
recombination, and the shunt current. Hydroxamate complexes
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Scheme 1. Synthesis of [Ru(terpy)(tbbpy)(pyr-COOH)][BF,], (3)
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are shown to give the highest overall sunlight-to-electricity
conversion efficiency (77), while acetylacetonate dyes are shown
to be susceptible to decomposition, limiting their potential in
DSSC applications. We propose, based on our findings, that
hydroxamate anchors are a viable, synthetically accessible
alternative to carboxylates for future artificial photosynthesis
devices.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Recently we published a
report detailing thiocyanate linkage isomerism in [Ru(terpy)-
(tbbpy)SCN] [SbF¢].** In the synthesis of this complex, halide
was first abstracted from the chloride precursor, [Ru(terpy)-
(tbbpy)CI]Cl (1), in ethanol and potassium thiocyanate added
to the resulting solvento intermediate. Using this route as a
model, we were able to isolate the aqua complex [Ru(terpy)-
(tbbpy)OH,][BF,] (2) after anion metathesis with silver
tetrafluoroborate in a 3:1 mixture of acetone and water. The
bound water can then exchange with other ligands, but only
slowly at room temperature. Full conversion to the dimethyl
sulfoxide complex in dg-dimethyl sulfoxide requires several hours,
as shown by "H NMR data. As a result of this ligand exchange and
the limited solubility of the aqua complex in water, we were
unable to record a *C NMR spectrum of the aqua complex, 2.

Encouraged by this isolation of 2, we then set out to synthesize
complexes of the form [Ru(terpy)(tbbpy)(pyr-L)][BF,], where
pyr-L is isonicotinic acid (pyr-COOH), N-hydroxyisonicotina-
mide (pyr-hydrox), pyridin-4-ylphosphonic acid (pyr-phos), and
3-(pyridin-4-yl)pentane-2,4-dione (pyr-acac) so as to equip the
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complex with a series of anchor groups. The complex
[Ru(terpy)(tbbpy)(pyr-COOH)][BF,], (3) was generated in
good yield by adding an excess of isonicotinic acid to 2 in
refluxing methanol (Scheme 1). Unfortunately, simple addition
of pyr-hydrox or pyr-phos® to the starting aqua species
generated an inseparable mixture of products.

Assuming that the problem with the hydroxamate and
phosphonate syntheses was caused by unwanted coordination
of the acid groups to ruthenium, a protection—deprotection
strategy was devised. Refluxing tetrahydropyran-protected pyr-
hydrox® and 2, in the presence of silver tetrafluoroborate in
methanol, followed by washing with aqueous tetrafluoroboric
acid, generated [Ru(terpy)(tbbpy) (pyr-hydrox)][BF,], (4) in a
two-step, one-pot synthesis. The ethyl-protected phosphonate
complex, [Ru(terpy) (tbbpy) (pyr-PO(OE),) 1 [BE, , (5), was
likewise generated by addition of pyridin-4-yldiethylphospho-
nate (pyr-PO(OEt),)* to 2 in refluxing methanol in the
presence of silver tetrafluoroborate. Exposure of 5 to
bromotrimethylsilane in dry dichloromethane yielded the
desired phosphonate complex, [Ru(terpy)(tbbpy)(pyr-phos)]-
[BE,], (6) (Scheme 2).

Synthesis of the 3-(pyridin-4-yl)pentane-2,4-dione complex
proved to be much more difficult. Pyr-acac was synthesized by a
literature method, recrystallized from hexanes, and isolated as a
white crystalline solid.*> However, on standing at room
temperature, the solid rapidly decomposed to 1-(4-pyridinyl)-
propan-2-one (pyr-acetone), presumably in a water-assisted
deacetylation. As a result of this decomposition, addition of pyr-
acac to 2 in refluxing methanol always generated a mixture of

[Ru(terpy)(tbbpy)(pyr-acac)][BF,], (7) and [Ru(terpy)-
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Scheme 3. Attempted Syntheses of [Ru(terpy)(tbbpy)(pyr-acac)][BE,], (7)***’
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Scheme 4. Synthesis of [Ru(terpy)(tbbpy)(im-ph-COOH)][BF,], (10)
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(tbbpy) (pyr-acetone)][BF,], (8) consisting mostly of the pyr-
acetone complex. Instead, a strategy for synthesizing aryl
acetylacetonates from 3,5-dimethylisoxazole precursors was
explored.*® However, the conversion of the ruthenium-bound
3,5-dimethyl-4-(pyridin-4-yl)isoxazole to pyr-acac, which re-
quires vigorous reflux in the presence of Mo(CO)4*” or other
harsh conditions,*® was unsuccessful (Scheme 3).

Unsure if the mixture of complexes 7 and 8 would lead to a
mixture of surface bound complexes as well, we set out to
synthesize 8 in pure form. Addition of 1-(pyridin-4-yl)propan-2-
one to 2 in refluxing methanol generated 8 in modest yield.
Unfortunately, titanium dioxide films sensitized with 8 did show
visible absorption indicating a weak interaction with the
semiconductor surface (vide infra). To examine if this adsorption
was covalent or electrostatic, the complex [Ru(terpy)(tbbpy)-
(pyridine)][BF,], (9) was synthesized in a similar manner. Even
without an anchoring moiety, the pyridine complex (9) exhibited
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a similar visible absorption as 8 on the surface of titanium dioxide
indicating that an electrostatic interaction could be sufficient for
weak binding (vide infra). This does not, however, exclude the
possibility of the tautomerization of 8 to the enol followed by
deprotonation in the presence of titanium dioxide to form the
enolate, which could subsequently bind the metal oxide surface.

Comparing the performance of all four anchoring groups was
complicated by the instability of pyr-acac, and led us to switch
from pyridine-based ligands to N-phenylimidazole-based ligands.
N-phenylimidazole was chosen for its greater length, possibly
allowing for better accessibility of the anchoring moiety to the
titanium dioxide surface, and because its lone pairs are slightly
more basic than those of pyridine, which could help stabilize
coordination of this monodentate ligand to ruthenium during
solar cell operation. Synthesis of the carboxylate complex was
achieved by refluxing 4-(1H-imidazol-1-yl)benzoic acid (im-ph-
COOH) and 2 in ethanol for 48 h to form [Ru(terpy)(tbbpy)-

dx.doi.org/10.1021/ic4010856 | Inorg. Chem. 2013, 52, 6752—6764
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Scheme S. Synthesis of [Ru(terpy)(tbbpy)(im-ph-hydrox)][BF,], (12) and [Ru(terpy)(tbbpy)(im-ph-phos][BF,], (15)
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Scheme 6. Attempted Synthesis of [Ru(terpy)(tbbpy)(im-ph-acac)][BF,], Yielding a Mixture of 18 and 19
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(im-ph-COOH)][BF,], (10) (Scheme 4) by a route analogous
to the pyr-COOH synthesis.
The hydroxamate and phosphonate N-phenylimidazole

complexes were also obtained in a procedure similar to that

used for their pyridyl analogues. 4-(1H-imidazol-1-yl)-N-
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((tetrahydro-2H-pyran-2-yl)oxy)benzamide (11) was made
from 4-(1H-imidazol-1-yl)benzoic acid by conversion to the
acid chloride in neat thionyl chloride followed by treatment with
O-(tetrahydro-2H-pyran-2-yl)hydroxylamine* in dry dichloro-

methane under nitrogen. 11 was then mixed with 2 in refluxing
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methanol in the presence of silver tetrafluoroborate. After
washing with aqueous HBF,, [Ru(terpy)(tbbpy)(im-ph-
hydrox)][BF,], (im-ph-hydrox = N-hydroxy-4-(1H-imidazol-1-
yl)benzamide) (12) was obtained (Scheme $).

Similarly, diethyl(4-(1H-imidazol-1-yl)phenyl)phosphonate
(im-ph-(PO(OEt),, 13), which was formed by cross-coupling
1-(4-bromophenyl)-1H-imidazole and diethyl phosphite in
toluene in the presence of triethylamine and Pd(dppf)-
Cl,-dichloromethane (dppf = 1,1’-bis-diphenylphosphinoferro-
cene) as catalyst,** was mixed with 2 in refluxing methanol in the
presence of silver tetrafluoroborate to give [Ru(terpy)(tbbpy)-
(im-ph-PO(OEt),][BF,], (14). Treatment of 14 with bromo-
trimethylsilane™ in dichloromethane yielded the deprotected
phosphonic acid complex, [Ru(terpy)(tbbpy)(im-ph-phos]-
[BF,], (15) (im-ph-phos = (4-(1H-imidazol-1-yl)phenyl)-
phosphonic acid) (Scheme 5).

Finally, a strategy for synthesizing the acetylacetonate N-
phenylimidazole complex, again from its 3,5-dimethylisoxazole
precursor, was explored. Suzuki coupling of 1-(4-bromophenyl)-
1H-imidazole and 4-(4,5-dimethyl-1,3,2-dioxaborolan-2-y1)-3,5-
dimethylisoxazole using Pd(PPh;) and Ba(OH),*” as base in a
9:1 mixture of dimethoxyethane and water gave 4-(4-(1H-
imidazol-1-yl)phenyl)-3,5-dimethylisoxazole (16). Treatment of
16 with Mo(CO); in vigorously refluxing acetonitrile/water (1:1,
viv) followed by addition of oxalic acid in aqueous ethanol
yielded 3-(4-(1H-imidazol-1-yl)phenyl)-2,4-pentanedione (im-
ph-acac, 17) in high purity after several recrystallizations from
hexanes. 17 is a white crystalline solid and, unlike its pyridyl
analogue, is stable for several weeks at room temperature or
indefinitely if stored in a freezer. All attempts to metalate 17
resulted in a mixture of the desired im-ph-acac product 18 and its
deacetylated analogue 19. Unfortunately, 18 could not be
isolated from the mixture (Scheme 6).

Because of these synthetic difficulties and the need for
analytically pure material, we then stopped pursuit of the
acetylacetonate complexes. This deacetylation pathway is likely
to hinder other systems seeking to use acetylacetonate
functionalized at the 3 position to anchor sensitizers to titanium
dioxide. In the best case, it will limit yields of synthesized dyes,
and in the worst case, as we have observed here, it could make
synthesis of pure species impossible.

Spectroscopic Characterization. The visible absorption
characteristics of our catalog of complexes were measured in two
ways. First, absorption spectra were recorded in ethanol solution
at a concentration of 0.1 mM. Results are displayed in Figure 2,
and show similar spectral characteristics for all of the synthesized
complexes, regardless of the anchoring moiety present.
Complexes with pyridyl-based anchoring ligands show two
absorbance maxima, at 425 and 466 nm, with maximal molar
extinction coefficients between 8000 and 10300 M™' cm™.
Complexes with imidazole-based anchoring ligands have red-
shifted absorbance maxima, resulting in a broad peak with
shoulders at either 469 or 488 nm. Molar absorptivities for the
imidazole complexes range between 7200 and 8800 M~ cm ™.

Next, emission spectra and cyclic voltammograms of dyes 3, 4,
and 6 bearing pyridyl ligands were recorded (see Supporting
Information). The aqua complex, 2, was also investigated in this
manner. As can be seen in Figure 3, the energy levels for both the
ground state oxidation (E, ;) and the first excited state (S*) are
not greatly perturbed by the variation in the anchoring moiety.
Interestingly, the spectra of 2 also show very similar ground and
excited state energies. Importantly, each of the newly synthesized
dyes has an excited state which is poised to inject electrons into
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Solution UV/Vis of [Ru(terpy)(tbbpy)(pyr-L)][BF,],
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Figure 2. UV/visible spectra of newly synthesized dyes in 0.1 mM
ethanol solution. Top: [Ru(terpy)(tbbpy)(pyr-L)]**. Bottom: [Ru-
(terpy) (tbbpy) (im-ph-L)]**. [Ru(terpy)(tbbpy) (OH,)]** is shown in

both graphs as a reference.
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Figure 3. Measured energies of the ground and excited states of 2, 3, 4,
and 6. Ground state energies were measured by cyclic voltammetry as
0.3 mM solutions in acetonitrile. 0.1 M NBu,BF, was used as supporting
electrolyte. Fc*/Fc (0.63 V vs NHE) was used as an internal standard.
Emission spectra were recorded as 0.1 mM solutions in ethanol using an
excitation wavelength of 475 nm. S* (S, ,) was measured (or
extrapolated) as the intersection point of the lowest energy absorbance
and emission features. For full spectra see Supporting Information.

TiO, and a ground state which is thermodynamically capable of
oxidizing I" to close the circuit in a functioning DSSC. Given the
similarities between these dyes, it can be assumed that dyes 10,
12, and 15 will also not show great variance in their electronic
characteristics.

Finally, to determine how the absorbance features of the
complexes change upon binding to TiO,, visible absorption
spectra of nanoparticle films sensitized with the dye molecules
were recorded (Figure 4). For the most consistent and
comparable data, films for UV/vis were made by spin-coating
colloidal titanium dioxide (1.0 g TiO, suspended in 4 mL of 1:1
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Diffuse Reflectance UV/Vis on TiO,
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Figure 4. Diffuse reflectance UV/vis of newly synthesized dyes adsorbed
onto TiO,. Slides were soaked in 0.3 mM dye solutions in ethanol for 36
h prior to recording.

ethanol:water) onto glass coverslips at 1000 rpm. Films were
then sintered at 450 °C for 2 h. Finally, slides were soaked in 0.3
mM ethanolic solutions of dye for 36 h to ensure maximum
coverage. Because the spectra were recorded using diffuse
reflectance with an integrating sphere we cannot directly estimate
dye surface coverage from the UV—vis data. However, the spectra
were highly reproducible for sensitized films prepared from the
same dye solution across multiple sample preparations. Thus, it
would seem that there is differentiation among the various
anchoring moieties in their ability to bind the surface. Our data
are consistent with previous work suggesting a higher TiO,
binding affinity for phosphonates compared to carboxy-
lates.>*?>*

The presence of any absorbance features in the visible region
indicates the presence of dye on the surface of titanium dioxide.
This is especially significant in the cases of aqua complex 2, pyr-
acetone complex 8, and pyridine complex 9 as they do not bear
traditional anchoring groups. We believe that they are most likely
held near the surface by electrostatic attraction between the
dicationic complex and anionic oxygen atoms on the oxide
surface. Such complexes would not be expected to perform as
well in photoelectrochemical cells as those bearing anchoring
groups that coordinate the metal oxide surface because of a lack
of direct electronic communication between the complex and the
nanoparticulate surface (vide infra).

In general, the absorption spectra of the ruthenium-
polypyridyl dyes bearing varying anchoring groups are not
much altered by titanium dioxide sensitization. This is likely
because the anchoring group does not play a significant role in
the metal-to-ligand charge transfer responsible for the transitions
observed in the visible region. Also, the wavelengths of maximum
absorption are conserved for both sets of complexes on the
semiconductor surface. For dyes bearing pyridyl ligands, the 4.,
are centered at 476 and 444 nm. For dyes bearing N-
phenylimidazole ligands, the absorption maximum appears at
477 nm with a shoulder at 450 nm. This conservation of
absorption features among the different photosensitizers is
essential to compare their relative performance in dye-sensitized
solar cells.

Photovoltaic Cell Current Density—Voltage Character-
istics. Solar cells were constructed using the newly synthesized
series of ruthenium complexes bearing varying anchoring groups.
A 7-pum film of titanium dioxide was deposited on fluorine-doped
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tin oxide (FTO) conducting glass by spin coating (see
Experimental Details). The mesoporous TiO, film was reduced
in area to approximately 0.5 cm by 0.5 cm by removing excess
titanjum dioxide using a template, then scanned to calculate
surface area with higher accuracy. The electrodes were then
soaked in 0.3 mM solutions of dye for a minimum of 3 days to
ensure maximum surface coverage. A platinized counter-
electrode was fashioned by a previously described method.*!
Cells were then assembled using our electrodes separated by a
60-um plastic thermal spacer (SX1170-60, Solaronix SA,
Switzerland) held together with binder clips. The electrolyte
consisted of 0.6 M tert-butylammonium iodide, 0.05 M iodine,
0.1 M lithium iodide, and 0.5 M tert-butyl pyridine (tBP) ina 1:1
mixture of valeronitrile and acetonitrile. The J-V curves were
measured in quadruplicate from independent preparations of dye
molecule and sensitization.

Representative J-V curves for solar cells sensitized with each
new dye are shown in Figure S, and all photovoltaic parameters
are reported in Table 1. We also report the J-V curve and
corresponding parameters for a TiO, anode sensitized with
N719" operating under our conditions.

Table 1 shows that the hydroxamate anchors give the best
overall efficiencies for both the pyridyl- and the N-phenyl-
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Figure S. Experimental current density—voltage curves of representative
solar cells based on the newly synthesized [Ru(terpy) (tbbpy)(R)]** dye
molecules. Top: R = pyr-L or pyridine; Middle: Cell containing bare
TiO, or dyes where R = im-ph-L or aqua; Bottom: Comparison of
hydroxamate-anchored dyes with N719.
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Table 1. Measured Characteristics and Calculated Fitting Parameters of Solar Cells Based on the New Dyes”

dye R Jie (mA/em®) Ve (V) FF n(%)  Ju(mA/em®)  Jo(mA/em®) AR, (kQem®) AR, (kQ-em?)
2 aqua 029 033 047 0.05 030 34x107* 0.11 4.10
3 pyr-COOH 0.40 0.41 0.54 0.09 0.40 12x107* 0.10 7.39
4 pyr-hydrox 0.70 0.51 0.55 0.20 0.72 3.7%x107° 0.096 5.94
6 pyr-phos 043 032 043 0.06 0.44 63% 107 0.073 228
8 pyr-acetone 0.23 0.34 0.51 0.04 0.24 22x107* 0.094 7.50
9 pyridine 031 0.40 0.57 0.07 032 11x 107 0.069 12.10
10 im-ph-COOH 0.41 0.39 0.51 0.08 0.42 1.7 x107* 0.082 4.46
12 im-ph-hydrox 0.51 0.38 048 0.09 0.53 22x 107 0.072 2.75
15 im-ph-phos 0.39 0.38 0.45 0.07 0.41 19x107* 0.1 3.18
blank 0.16 047 0.60 0.05 0.16 1.6 x 107 0.029 2044
N719 7.52 0.73 0.54 291 7.76 6.0 x 107 0.025 1.14
“Reported values are the average of values obtained from two to four cells across multiple preparations.
imidazole-based complexes. Consistent with their poor electron
injection,%35 the phosphonate complexes showed the lowest
overall solar-to-electric conversion. Meanwhile, the carboxylate- J R
anchored complexes showed intermediate conversion. It is - * +
notable that all of our measured efficiencies for the newly
synthesized dyes are an order of magnitude lower than those Rgn v
measured for N719. However, the low efliciency of our dye _
molecules only serves to magnify the relative effect of the
anchoring moiety. It is likely that the observed increases in J T
efficiency would be conserved in “champion” solar dyes upon <

switching from carboxylate to hydroxamate, though the relative
percent increase in efficiency would be lower. Investigations of
highly efficient dyes with hydroxamate anchors are currently
underway.

Further insight into the anchor-dependent TiO, surface
chemistry, device photophysics, and cell electrochemistry can
be gained by analyzing the solar cell J-V characteristics with an
equivalent circuit model. Parameters readily obtained from the
experimental data such as the short-circuit photocurrent, open-
circuit voltage, and fill factor of the cell provide a useful starting
point for comparison as they ultimately make up the solar-to-
electrical energy conversion efficiency. However, direct relation
of these parameters to the many device processes that influence
them is difficult. The equivalent circuit model breaks down the
complexity of the DSSC into components, thus unraveling the
various fundamental processes controlling device efficiency and
enabling them to be studied and compared independently.

The device parameters shown in Table 1 were extracted from
the J-V curves based on the equivalent circuit shown in Figure 6
and the modified nonideal diode equation:*"*°

h™ ]"{eXP [ ] ) 1} @

where J; is the photogenerated current density, R, is the series
resistance, kT is the thermal energy, e is the elementary charge, A
is the device area, and n is the ideality factor. The solar cell shunt
resistance Ry, and reverse saturation currents ], are parameters
extracted from the J-V curves that quantify the various loss
mechanisms in solar cells. High leakage currents in DSSCs are
generally attributed to undesired recombination of carriers with
the redox mediator in the electrolyte, either at regions of FTO
directly exposed to the electrolyte or, the putative more
dominant mechanism, via the nanoporous metal oxide.
Increasing the device shunt resistance improves device efficiency
because of both higher fill factors and larger open circuit voltages.
A global value of the ideality factor (n = 2) was used in this

e(V + ]ARS)
nkT

V + JAR,
AR,

J

6759

Figure 6. Equivalent circuit for modeling solar cells using the modified
nonideal diode equation [eq 1]. The net current density ] depends on
the net series resistance R; of the cell and is composed of the
photogenerated current density J; (defined in the forward direction)
and two back-flowing current densities competing with J;: a diode
current density with exponential voltage dependence and a shunt
current density with ohmic resistance Ry,

systematic study for better comparison of J, values. Table 1
shows that the values of the series resistance, which result
primarily from the electrode and ionic resistances of the cell, are
similar for all devices, indicating that the fabrication procedure
yields consistent metal oxide film thickness and porosity (as
confirmed experimentally®”). Equation 1 has been used to model
J-V characteristics in a wide variety of solar cell technologies
including hydrogenated amorphous silicon p-i-n cells, Cu-
(In,Ga)Se, cells, organic bulk heterojunction cells, and
DSSCs.**%75% This model has been shown to work well for
DSSCs, particularly when performing a comparative analysis of a
series of device architectures in which cell components are
systematically varied,*" as in the present study.

The biggest systematic difference between the anchoring
groups is evident in the J; values. It is readily apparent from eq 2
that J; is approximately equal to the photocurrent at zero bias
(Jie) for moderate to large shunt resistances. Table 1 shows that
the shunt resistance is high enough in all devices as to not greatly
affect the short-circuit current (J,. ~ J,). In both the pyridyl and
the n-phenylimidazole cases, dyes bearing hydroxamate anchors
have the highest values of J; (0.70 and 0.51 respectively), while
the carboxylate and phosphonate have very similar, lower
calculated values (pyr-COOH = 0.40, pyr-phos = 0.43, im-ph-
COOH = 0.41, im-ph-phos = 0.39). Though other factors may
also be involved, this suggests that the improved electron
injection observed for hydroxamates®*” indeed has a meas-
urable effect on the solar cell performance. However, to achieve
high overall efficiency, higher ], and J; values need to be coupled

with low reverse saturation currents and/or high shunt resistance
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to facilitate sustained photocurrent as a function of voltage, that
is, larger fill factors and open circuit voltages. Unfortunately,
attempts to directly measure electron injection across our series
of dye molecules by THz spectroscopy suffered from a poor
signal-to-noise ratio resulting from the low amount of carriers
generated by dye excitation.

Looking at the performance of the newly synthesized dyes as a
whole, solar cells based on the pyridyl-hydroxamate anchor not
only give the highest photoinjection current densities but they
are also significantly more efficient. The average measured
efficiency is 0.20%, while all other dyes, including the N-
phenylimidazole-hydroxamate-based complex, give efliciencies
in the range of 0.04—0.09%. Given this great difference, it is not
surprising that the pyr-hydrox cell also has a reverse saturation
current that is significantly lower than all the rest. This indicates
that, in addition to the photophysical properties of the attached
dye, the hydroxamate anchor increases suppression of electron
transfer from the photoanode to the electrolyte.

The trends in Ry, and J, in Table 1 are also consistent with
expected surface binding and its mitigation of the effects of tBP.
The addition of 0.5 M tBP to the DSSC electrolyte solution, as is
common practice in the literature, is known to increase the
V,, 2133 %% and s attributed, in part, to a decrease in the amount
of electron recombination in TiO, by blocking access of triiodide
to the TiO, surface and/or by iodine complexation.”* These
effects can account for an increase in the Ry, which is evident
from the J-V curves showing a decrease in the magnitude of the
slope of the current density at low voltages. A second effect of
tBP is a lowering of the reverse saturation current density J,, as
observed by a shift in the sharp onset of the recombination
current (near V = V,.) to higher voltages.”*® This can be
explained by a decrease in the number of positive ions (protons
and Li*) adsorbed to the TiO, surface, leading to a shift in the
conduction band minimum of nanoporous TiO, to higher
energies (more negative potentials)."*>*~>> The hydroxamate-,
carboxylate-, and phosphonate-anchored complexes in the
present study have lower shunt resistances compared to cells
made with unsensitized TiO, photoanodes, which is consistent
with dye attachment interfering with the ability of tBP to block
recombination sites on the TiO, surface. The values of ], are
generally larger since binding of dye molecules competes with
tBP and its effect on the conduction band minimum of TiO,. The
pyr-hydrox anchor seems to be the exception since it has a larger
photoinjection current density, while maintaining a low ;.

It is also interesting to note that solar cells sensitized with the
pyridine complex 9 give an appreciably larger photoresponse
than unsensitized cells. This suggests that an electrostatic
attraction with the semiconductor surface is not only sufficient
for binding dye molecules, but that it also can hold sensitizers
tightly enough to facilitate through-space electron transfer. It is
notable that pyr-acetone complex 8 gives a lower overall sunlight-
to-electricity conversion efficiency than 9 with a very similar
value calculated for J;. This suggests that the association of 8 to
the semiconductor surface may not be covalent. However, a
tautomerization to the enolate form of pyr-acetone followed by
weak binding through an alkoxide cannot be excluded.
Unfortunately, this also prohibits titanium dioxide sensitization
using a mixture of 7 and 8 or 18 and 19. While it is likely that
binding acetylacetonate to titanium dioxide would be thermo-
dynamically preferred over either the alkoxide or a pure
electrostatic attraction, it is impossible to rigorously prove that
all surface-bound molecules resulting from a sensitizing mixture
bear acetylacetonate moieties. Additionally, because some
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current could be derived from deacetylated species adsorbed to
TiO,, we cannot say that all photocurrent was obtained from the
desired acetylacetonate complexes. This reinforces the need for
analytically pure dyes in sensitization,”” and severely diminishes
the utility of acetylacetonate as an anchor for DSSC applications.
Unless an analogue is found in which the acetylacetonate does
not deacetylate under solution conditions, or where it can be
proven that the deacetylated species has no interaction with the
semiconductor surface, acetylacetonate should not be used.

In regard to solar fuels production, it is highly advantageous
that the hydroxamate species produce the best measured
efficiencies (17). Hydroxamate anchors, unlike carboxylates, are
stable under aqueous conditions over a wide range of pH values
when the corresponding dye is soluble in water.”>*” This feature
will be essential for any water-oxidation/proton reduction dye-
sensitized solar cell."® It would seem that, owing to the relative
ease of synthesis, strong binding, compatibility with water
oxidation catalysis, and the relatively high overall photovoltaic
efficiency afforded, a hydroxamate anchor is a leading candidate
for any dye molecule to be used in a photoelectrochemical water
oxidation cell.

B CONCLUSIONS

Our analysis of a series of anchoring groups for covalent
attachment of ruthenium-polypyridyl dyes of the form [Ru-
(terpy)(tbbpy)L][BF,], to TiO, surfaces predicts that hydrox-
amate anchors should lead to improved performance of DSSCs.
Solar cells were constructed by using newly synthesized
photosensitizers and tested under AM 1.5 illumination.
Hydroxamic acid anchoring groups were found to give superior
photogenerated current densities, when compared to other
anchors, including carboxylate groups used in traditional DSSCs.
Analysis by the nonideal diode equivalent circuit model shows
that solar cells based on the pyridyl-hydroxamate anchor give
significantly higher efficiencies because the current density—
voltage characteristics show increased suppression of electron
transfer from the photoanode to the electrolyte. In addition, we
see better photoinjection properties that are characteristic of the
hydroxamate anchor. Since hydroxamates provide stable attach-
ment in aqueous environments and have demonstrated
improved performance over carboxylates in this system, they
are a good candidate for applications in artificial photosynthesis
devices.

B EXPERIMENTAL DETAILS

Ru(terpy) Cl,,*® [Ru(terpy) (tbbpy)(C1)]CI'-H,O (1), and diethyl
pyridin-4-ylphosphonate®® were synthesized by literature methods.
Dichloromethane, toluene, and acetonitrile were dried on a Grubbs-type
solvent purification system.>® All other reagents and solvents were
commercially available and used without further purification unless
specified. Deuterated solvents were purchased from Cambridge Isotope
Laboratories and used as received. "H NMR spectra were recorded on a
400 MHz Bruker spectrometer and referenced to the residual solvent
peak (& in ppm, J in Hz). *C{'"H} NMR spectra were recorded on a 500
MHz Varian or Bruker spectrometer and referenced to the solvent peak.
*'P NMR spectra were recorded on a 300 MHz Varian spectrometer.
High-resolution ESI mass spectra were collected by the Mass
Spectrometry and Proteomics Resource at the W.M. Keck Foundation
Biotechnology Resource Laboratory (Yale University). Elemental
analysis was performed by Robertson Microlit Laboratories (Ledge-
wood, NJ) and Atlantic Microlab, Inc. (Norcross, GA).
[Ru(terpy)(tbbpy)(OH,)I[BF,], (2). A 2.018 g portion (2.99 mmol)
of [Ru(terpy)(tbbpy)CI]Cl and 1.947 g (10.0 mmol) of silver
tetrafluoroborate were dissolved in 200 mL of 3:1 acetone:water. The

dx.doi.org/10.1021/ic4010856 | Inorg. Chem. 2013, 52, 6752—6764



Inorganic Chemistry

resulting solution was refluxed overnight in the dark under air. The
volume of the solution was then reduced to approximately 25 mL, and §
mL of 48 wt % HBF, (aq.) was added. The resulting suspension was
cooled in a freezer for 1 h. The brown precipitate was then filtered off,
washed with 1 M HBF, (aq.), and dried. The dimethyl sulfoxide adduct
was prepared by dissolving [Ru(terpy)(tbbpy)(OH,)][BF,], in ds-
dimethyl sulfoxide and letting the solution stand for 3 h. Yield: 1.593 g,
67%. "H NMR (400 MHz, DMSO) 6 9.38 (d, J = 6.0 Hz, 1H), 8.99 (d, J
=1.7Hz, 1H), 8.87 (d, ] = 8.1 Hz, 2H), 8.73 (d, ] = 8.0 Hz, 2H), 8.68 (d,
J=19Hz, 1H), 8.31 (t, ] = 8.1 Hz, 1H), 8.15 (dd, ] = 6.0, 1.9 Hz, 1H),
8.06 (td, J = 7.9, 1.4 Hz, 2H), 7.69—7.64 (m, 2H), 7.49—7.42 (m, 2H),
7.13 (d,J= 6.1 Hz, 1H), 7.06 (dd, ] = 6.2, 2.1 Hz, 1H), 5.80 (s, 2H), 1.61
(s, 9H), 1.22 (s, 9H). '"H NMR (501 MHz, DMSO, DMSO adduct) &
9.87 (d, ] = 6.1 Hz, 1H), 8.97—8.90 (m, 3H), 8.78—8.73 (m, 3H), 8.57
(t,J=8.1Hz, 1H), 8.18 (t,] = 7.7 Hz, 2H), 8.09 (dd, ] = 6.0, 1.5 Hz, 1H),
7.80 (d, J = 5.3 Hz, 2H), 7.53 (t, ] = 6.5 Hz, 2H), 7.34—7.29 (m, 1H),
6.96 (d, ] = 6.1 Hz, 1H), 1.56 (s, 9H), 1.25 (s, 9H). *C{*H} NMR (126
MHz, DMSO, DMSO adduct) 5 163.18, 162.48, 157.18, 156.76, 155.44,
155.13, 154.12, 153.46, 148.02, 139.31, 138.4S5, 128.83, 125.53, 125.10,
124.71, 124.36, 122.00, 121.40, 35.60, 35.42, 30.19, 29.76. Elemental
Analysis for C33Hy,B,FgN;ORu: Calculated: C 49.90; H 4.69; N 8.82.
Measured: C 49.76; H 4.43; N 8.73.
[Ru(terpy)(tbbpy)(pyr-COOH)][BF,], (3). A 98 mg portion (0.123
mmol) of [Ru(terpy)(tbbpy)(OH,)][BF,], (2) and 82 mg (0.723
mmol) of isonicotinic acid were refluxed overnight in 20 mL of
methanol. The resulting solution was dried in vacuo. The residual red-
brown solid was suspended in 25 mL of 1 M HBF, (aq.), collected by
filtration, and washed with additional 1 M HBF,. Yield: 90 mg, 81%. 'H
NMR (400 MHz, DMSO) §9.01 (d, ] = 1.8 Hz, 1H), 8.88 (d, ] = 8.2 Hz,
2H),8.77 (d,] = 7.3 Hz, 3H), 8.55 (d,] = 6.0 Hz, 1H), 8.35 (t, ] = 8.1 Hz,
1H), 8.14 (td, ] = 7.9, 1.4 Hz, 2H), 7.98—7.95 (m, 1H), 7.82 (d, ] = 4.8
Hz, 4H), 7.60—7.52 (m, 4H), 7.17 (d, ] = 0.9 Hz, 2H), 1.56 (s, 9H), 1.25
(s, 9H). BC{*H} NMR (126 MHz, DMSO) § 164.95, 161.56, 161.40,
157.66, 157.04, 156.60, 155.35, 152.63, 152.40, 150.91, 150.24, 138.58,
136.03, 128.86, 125.11, 124.97, 124.60, 124.04, 123.73, 122.00, 121.29,
35.58, 35.25, 30.26, 29.86. Elemental Analysis for C;H,B,FsN¢O,Ru:
Calculated: C 52.08; H 4.48; N 9.34. Measured: C 52.35; H4.32; N 9.26.
N-((Tetrahydro-2H-pyran-2-yl)oxy)isonicotinamide. A 495 mg
portion (4.02 mmol) of isonicotinic acid was placed under nitrogen in a
flame-dried round-bottom flask fitted with a reflux condenser. 11 mL
(vast excess) of thionyl chloride was added via syringe. The resulting
solution was refluxed for 2 h under nitrogen. Excess thionyl chloride was
blown oft under a stream of nitrogen through an aqueous potassium
carbonate bubbler. The resulting white solid was then dried in vacuo for
30 min. Once dry, the solid was placed back under nitrogen and
dissolved in 10 mL of dry dichloromethane. Diisopropylethylamine (1.0
mL) was added. Separately, in a pear-shaped flask under nitrogen, 630
mg of (5.38 mmol) O-(tetrahydro-2H-pyran-2-yl)hydroxylamine was
dissolved in 10 mL of dry dichloromethane. One milliliter of
diisopropylethylamine was added to the hydroxylamine precursor, and
the resulting solution was added via cannula to the reaction vessel. The
reaction was stirred at room temperature for 18 h. After completion, the
volatiles were removed yielding an off-white solid. The product was
purified chromatographically on silica using 4% methanol in dichloro-
methane as eluent. Yield: 689 mg, 77%. "H NMR (501 MHz, CD,Cl,) §
8.68 (d, ] =4.9 Hz,2H),7.59 (d, ] = 4.5 Hz,2H), 5.06 (s, 1H), 3.97 (t,] =
9.9 Hz, 1H), 3.67—3.54 (m, 1H), 1.88—1.72 (m, 3H), 1.68—1.53 (m,
4H). BC{'H} NMR (126 MHz, CD,Cl,) & 163.65, 150.48, 139.55,
121.11, 102.84, 62.72, 28.12, 25.04, 18.68. HRMS for C,;H,,N,0;"
Calculated: 223.10772; Measured: 223.10700.
[Ru(terpy)(tbbpy)(pyr-hydrox)I[BF,], (4). A 111 mg portion
(0.500 mmol) of N-((tetrahydro-2H-pyran-2-yl)oxy)isonicotinamide
and 126 mg (0.649 mmol) of silver tetrafluoroborate were stirred in 20
mL of methanol in the dark for 1 h. A 101 mg portion (0.127 mmol) of
[Ru(terpy)(tbbpy) (OH,)][BF,], (2) was added, and the resulting
suspension refluxed for 18 h. The resulting suspension was filtered
through Celite to remove any precipitate, and the filtrate was dried in
vacuo. The resulting red-orange solid was suspended in excess 0.1 M
aqueous HBF,, collected by filtration, and washed with additional 0.1 M
aqueous HBF,, Yield: 68 mg, 59%. 'H NMR (400 MHz, DMSO) 6 9.01
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(t,J=1.7 Hz, 1H), 8.88 (dd, ] = 8.1, 2.2 Hz, 2H), 8.79—8.74 (m, 3H),
8.59—8.54 (m, 1H), 8.36 (td, J = 8.1, 3.1 Hz, 1H), 8.20—8.12 (m, 2H),
8.00—7.88 (m, 3H), 7.83 (t, ] = 6.2 Hz, 2H), 7.66 (t, ] = 6.7 Hz, 1H),
7.60—7.50 (m, 3H), 7.17 (dd, J = 2.7, 1.4 Hz, 2H), 3.81 (s, 1H), 1.56 (s,
9H), 1.25 (s, 9H). *C{'H} NMR (126 MHz, DMSO) & 164.87, 163.96,
161.65, 157.65, 157.03, 156.59, 155.39, 153.31, 153.14, 152.70, 152.58,
150.23, 138.69, 137.47, 128.90, 125.04, 124.81, 124.51, 124.09, 123.76,
122.00, 121.32, 35.59, 35.27, 30.26, 29.85. HRMS for
(C49H,4N,0,Ru)*": Calculated: 370.11433; Measured: 370.11923.
[Ru(terpy)(tbbpy)(pyr-PO(OEt),)I[BF,], (5). A 100 mg portion
(0.126 mmol) of [Ru(terpy)(tbbpy)(OH,)][BE,], (2), 154 mg (0.716
mmol) of diethyl pyridin-4-ylphosphonate, and 194 mg (1 mmol) of
silver tetrafluoroborate were refluxed in methanol for 18 h in the dark.
The solution was then filtered through Celite, and solvent removed in
vacuo leaving a brown solid. The brown solid was suspended in 25 mL of
1 M HBF, (aq.), collected by filtration, and washed with additional 1 M
HBF,, Yield: 104 mg, 83%. '"H NMR (400 MHz, DMSO) & 9.00 (d,
1H), 8.89 (d, ] = 8.1 Hz, 2H), 8.77 (d, ] = 7.2 Hz, 3H), 8.58 (d, ] = 5.9
Hz, 1H), 8.37 (t,] = 8.1 Hz, 1H), 8.15 (t, ] = 7.4 Hz, 2H), 7.99—7.93 (m,
3H),7.82 (d, ] = 5.1 Hz, 2H), 7.58—7.45 (m, 4H), 7.17 (m, 2H), 4.06—
3.97 (m, 4H), 1.57 (s, 9H), 1.25 (s, 9H), 1.19 (t, J = 7.0 Hz, 6H).
BC{'H} NMR (126 MHz, DMSO) § 161.71, 161.55, 157.67, 157.05,
156.59, 155.37, 152.73 (d, J = 12.4 Hz), 152.70, 150.98, 150.16, 138.68,
138.30 (d, J = 186.4 Hz), 136.28, 128.91, 127.03 (d, ] = 9.2 Hz), 125.04,
124.67, 124.14, 123.81, 121.98, 121.29, 62.86 (d, ] = 5.9 Hz), 35.59,
35.25, 3025, 29.85, 16.06 (d, J = 6.0 Hz). ¥P{'H} NMR (202 MHz,
DMSO) § 12.21. HRMS for (C,H,N¢O,PRu)**: Calculated:
409.1324; Measured: 409.1314.
[Ru(terpy)(tbbpy)(pyr-phos)I[BF,], (6). A 58 mg portion (0.0585
mmol) of [Ru(terpy)(tbbpy) (pyr-PO(OEt),)][BF,], (5) was dissolved
in 20 mL of dry dichloromethane under nitrogen. An excess of
bromotrimethylsilane (0.3 mL) was then added via syringe, and the
solution was stirred at room temperature overnight. Solvent was
removed, and the resulting mixture was suspended in 1 M HBF, (aq.). A
dark brown solid was then collected by filtration, washed with additional
HBF,, and vacuum-dried. Yield: 33 mg, 60%. '"H NMR (500 MHz,
DMSO) 69.01 (d, ] = 1.6 Hz, 1H), 8.87 (d, ] = 8.2 Hz, 2H), 8.76 (d, ] =
8.8 Hz, 3H), 8.58 (d, ] = 6.0 Hz, 1H), 8.34 (t, ] = 8.1 Hz, 1H), 8.13 (t,] =
7.9 Hz, 2H), 8.02 (dd, J = 6.0, 1.8 Hz, 1H), 7.82 (d, ] = 5.6 Hz, 4H),
7.56—7.51 (m, 2H),7.39 (dd, J = 11.9, 6.2 Hz, 2H), 7.17 (s, 2H), 1.56 (s,
9H), 1.25 (s, 9H) *C{’"H} NMR (126 MHz, DMSO) § 161.56, 161.38,
157.62, 157.02, 156.62, 155.36, 152.65, 151.73 (d, ] = 12.9 Hz), 150.84,
150.25, 138.55, 137.68 (d, ] = 191.4 Hz), 136.01, 128.87, 126.75 (d, ] =
8.3 Hz) 125.03, 124.68, 124.11, 123.74, 122.01, 121.30, 35.61, 35.26,
30.29, 29.87. 3'P{'H} NMR (122 MHz, DMSO) § 6.91. HRMS for
(C33H,1N4O;PRu)**: Calculated: 381.10103; Measured: 381.10040.
[Ru(terpy)(tbbpy)(pyr-acetone)][BF,]l, (8). A S0 mg portion
(0.063 mmol) of [Ru(terpy)(tbbpy)(OH,)][BF,], (2) and 56 mg
(0.423 mmol) of 1-(pyridin-4-yl)propan-2-one were refluxed in 20 mL
of methanol for 36 h in the absence of light. Solvent was removed almost
to dryness, and a brown solid was precipitated using 48 wt % HBF, (ag.).
The solid was collected by filtration and washed with 1 M HBF, (aq.).
Yield: 28 mg, 49%. "H NMR (400 MHz, DMSO) 5 9.00 (s, 1H), 8.87 (d,
J=8.2Hz2H), 8.79—8.73 (m, 3H), 8.53 (d, ] = 6.2 Hz, 1H), 8.34 (t, ] =
8.2 Hz, 1H), 8.13 (t, J = 7.7 Hz, 2H), 8.00 (m, 1H), 7.83 (d, ] = 5.5 Hz,
2H), 7.66 (d, ] = 6.6 Hz, 2H), 7.56—7.49 (m, 2H), 7.18—7.13 (m, 2H),
7.10 (d, J = 6.6 Hz, 2H), 3.85 (s, 2H), 2.13 (s, 3H), 1.56 (s, 9H), 1.25 (s,
9H). BC{'H} NMR (126 MHz, DMSO) & 204.37, 162.30, 162.02,
161.76, 158.10, 157.56, 157.13, 155.85, 153.10, 151.49, 150.71, 146.91,
146.04, 144.26, 138.95, 136.30, 129.30, 128.27, 125.43, 124.48, 122.43,
121.73, 104.69, 48.07, 36.08, 35.71, 30.75, 30.32. HRMS for
(C41H44N4ORu)?**: Calculated: 369.13101; Measured: 369.13003.
[Ru(terpy)(tbbpy)(pyn)I[BF,], (9). A 105 mg portion (0.132
mmol) of [Ru(terpy)(tbbpy)(OH,)][BF,], (2) and 115 mg (1.32
mmol) of pyridine were dissolved in 20 mL of methanol and refluxed 18
h. Solvent was removed almost to dryness, and a brown solid was
precipitated using 48 wt % HBF, (aq.). The solid was collected by
filtration and washed with 1 M HBF, (aq.). Yield: 44 mg, 39%. '"H NMR
(400 MHz, DMSO) §9.01 (d, ] = 1.9 Hz, 1H), 8.88 (d, ] = 8.2 Hz, 2H),
8.79—8.74 (m, 3H), 8.52 (d, ] = 6.1 Hz, 1H), 8. 34 (t, ] = 8.1 Hz, 1H),
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8.14 (td, J = 7.9, 1.5 Hz, 2H), 7.98 (dd, ] = 6.0, 2.0 Hz, 1H), 7.89—7.81
(m, 3H), 7.75—7.71 (m, 2H), 7.57=7.51 (m, 2H), 7.34—7.29 (m, 2H),
7.17 (d,J = 1.1 Hz, 2H), 1.56 (s, 9H), 1.25 (s, 9H). *C{'H} NMR (126
MHz, DMSO) § 161.56, 161.34, 157.67, 157.09, 156.66, 155.39, 152.64,
151.71, 150.75, 150.29, 138.53, 138.18, 135.90, 128.88, 126.47, 124.95,
124.61, 124.00, 123.71, 121.98, 121.28, 35.60, 35.25, 30.27, 29.86.
Elemental Analysis for CygH;,B,F¢NRu: Calculated C 53.35; H4.71; N
9.82. Measured: C 53.21; H 4.46; N 9.68.

[Ru(terpy)(tbbpy)(im-ph-COOH)][BF,], (10). A 80 mg portion
(0.101 mmol) of [Ru(terpy)(tbbpy)(OH,)][BF,], (2) and 75 mg
(0.399 mmol) of 4-(1H-imidazol-1-yl)benzoic acid were refluxed in 20
mL of methanol for 36 h. Solvent then removed in vacuo, and the
resulting brown solid was suspended in 1 M HBF, (aq.) and stirred for 1
h. The brown solid was then filtered and washed with additional 1 M
HBF, (aq.). Yield: 52 mg, 60%. 'H NMR (400 MHz, DMSO) & 13.23
(br, s, 1H), 8.99 (d, 1H), 8.83 (d, ] = 8.1 Hz, 2H), 8.78—8.72 (m, 3H),
8.69 (d,] = 6.0 Hz, 1H), 8.28 (t, ] = 8.2 Hz, 1H), 8.12 (t, ] = 7.8 Hz, 2H),
8.02—7.94 (m, 3H), 7.88—7.82 (m, 4H), 7.62 (d, ] = 8.6 Hz, 2H), 7.53
(t, 2H), 7.17 (s, 2H), 6.15 (s, 1H), 1.57 (s, 9H), 1.24 (s, 9H). *C{'H}
NMR (126 MHz, DMSO) § 166.27, 161.11, 160.89, 157.88, 157.12,
156.89, 155.24, 152.72, 151.10, 150.20, 138.4S5, 138.17, 137.67, 135.15,
131.02, 130.72, 130.18, 128.75, 128.55, 124.68, 124.33, 123.59, 121.74,
121.65, 121.02, 120.68, 35.55, 35.20, 30.30, 29.87. Elemental Analysis
for C,3H,3B,FgN,O,Ru: Calculated C 53.55; H 4.49; N 10.17.
Measured: C 53.32; H 4.30; N 10.01.

4-(1H-imidazol-1-yl)-N-((tetrahydro-2H-pyran-2-yl)oxy)-
benzamide (11). A 400 mg portion (2.12 mmol) of 4-(1H-imidazol-1-
yl)benzoic acid was put under a nitrogen atmosphere in a S0 mL round-
bottom flask fitted with a reflux condenser. Twenty milliliters of thionyl
chloride was then added via syringe. The resulting solution was refluxed
for 2 h. Excess thionyl chloride was then blown off through a bubbler
filled with aqueous potassium carbonate leaving a colorless solid.
Without isolation, the colorless solid was dissolved in S mL of dry
dichloromethane. Separately, 268 mg (2.30 mmol) of O-(tetrahydro-
2H-pyran-2-yl)hydroxylamine was dissolved in 10 mL of dry dichloro-
methane under nitrogen. Two milliliters of diethylisopropylamine was
added to each solution via syringe. The hydroxylamine solution was
transferred via cannula to the flask containing the previously generated
acid chloride. The reaction solution was stirred at room temperature for
24 h and then washed with aqueous sodium bicarbonate. The organic
layer was dried with sodium sulfate and solvent was removed. The
product was then purified by alumina chromatography (4% methanol in
dichloromethane as eluent) and isolated as a white solid. Yield 225 mg,
37%. "H NMR (400 MHz, CD,CL,) 5 7.92—7.88 (m, 2H), 7.87 (s, 1H),
7.48—7.44 (m, 2H), 7.36 (t, ] = 1.3 Hz, 1H), 7.17 (s, 1H), 5.08 (s, 1H),
4.05-3.96 (m, 1H), 3.65—3.56 (m, 1H), 1.86—1.78 (m, 3H), 1.71-1.51
(m, 4H). BC{*H} NMR (126 MHz, CD,Cl,) 5 164.86, 139.78, 135.70,
131.71, 130.58, 129.6S, 120.84, 118.23, 102.75, 62.75, 28.60, 25.43,
19.07. Elemental Analysis for C;sH;,;N3;05: C 62.17; H 5.96; N 14.63.
Measured: C 62.46; H 5.70; N 14.54.

[Ru(terpy)(tbbpy)(im-ph-hydrox)][BF,1, (12). An 80 mg portion
(0.101 mmol) of [Ru(terpy)(tbbpy)(OH,)][BF,], (2), 75 mg (0.261
mmol) of 4-(1H-imidazol-1-yl)-N-((tetrahydro-2H-pyran-2-yl)oxy)-
benzamide, and 40 mg (0.207 mmol) of silver tetrafluoroborate were
refluxed in 20 mL of methanol for 48 h in the absence of light. The
solution was filtered through Celite, and the solvent was removed. The
resulting brown solid was suspended in 1 M HBF, and stirred for 1 h.
The solid was then filtered off and washed with additional 1 M HBE,.
Yield: 63 mg, 64%. "H NMR (400 MHz, DMSO) § 9.02—8.97 (m, 1H),
8.83 (dd,J=8.2, 1.6 Hz, 2H), 8.78—8.72 (m, 3H), 8.67 (dd, ] = 14.7, 6.0
Hz, 1H), 8.33—8.25 (m, 1H), 8.12 (t, J = 7.9 Hz, 2H), 8.01—-7.92 (m,
2H), 7.88—7.80 (m, 3H), 7.70-7.66 (m, 1H), 7.62—7.57 (m, 1H),
7.56—7.48 (m, 3H), 7.36 (d, ] = 9.0 Hz, 1H), 7.17 (s, 2H), 6.11 (d, ] =
11.8 Hz, 1H), 3.65 (s, 1H), 1.57 (s, 9H), 1.25 (s, 9H). *C{'H} NMR
(126 MHz, DMSO) & 161.12, 160.90, 157.89, 157.13, 156.90, 155.24,
152.74, 138.18, 135.67, 135.15, 133.55, 130.73, 130.63, 128.86, 128.56,
124.69, 124.32, 123.64, 123.59, 122.05, 121.66, 121.14, 121.03, 120.66,
109.52, 35.56, 35.21, 30.2S, 29.88. Carbonyl peak not resolved. HRMS
for (C,3H,;3NgO,Ru)* [M-H]**: 402.6276; Calculated: Measured:
402.6328S.
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Diethyl (4-(1H-imidazol-1-yl)phenyl)phosphonate (13). 13
was prepared using a similar method to the analogous compounds.*®
A 222 mg portion (1.00 mmol) of 1-(4-bromophenyl)-1H-imidazole
and 41 mg of Pd(dppf)Cl,-dichloromethane (5 mol %) were dissolved
in 10 mL of dry toluene under nitrogen. A 152 mg portion (1.10 mmol)
of diethyl phosphite and 0.15 L of triethylamine were added via syringe.
The resulting solution was stirred at 90 °C for 24 h. The crude reaction
was cooled, filtered, and solvent was removed from the filtrate. The
product was washed through a plug of alumina using 10% methanol in
dichloromethane as eluent. Final purification by recrystallization from
hot hexanes yielded a white crystalline solid. Yield: 244 mg, 87%. 'H
NMR (400 MHz, CD,Cl,) § 7.94—7.86 (m, 3H), 7.56—7.50 (m, 2H),
7.38 (s, 1H), 7.19 (s, 1H), 4.31-3.95 (m, 4H), 1.32 (q, ] = 6.9 Hz, 6H).
BC{H} NMR (126 MHz, CD,Cl,) § 140.75 (d, ] = 3.2 Hz), 135.80,
133.97 (d,J = 10.5 Hz), 131.21, 128.21 (d, ] = 190.8 Hz), 121.15 (d, ] =
15.4 Hz), 118.15, 62.66 (d, J = 5.5 Hz), 16.55 (d, ] = 6.3 Hz). ¥'P{'H}
NMR (202 MHz, CD,Cl,) & 16.99. Elemental Analysis for
C3H7N,O5P: Calculated: C 55.71; H 6.11; N 10.00. Measured: C
56.04; H 6.26; N 10.05.

[Ru(terpy)(tbbpy)(im-ph-PO(OE),)I[BF ],2.5(CH;0H) (14). A
135 mg portion (0.170 mmol) of [Ru(terpy)(tbbpy)(OH,)][BF,], (2),
207 mg (0.739 mmol) of diethyl (4-(1H-imidazol-1-yl)phenyl)-
phosphonate, and 105 mg (0.544 mmol) of silver tetrafluoroborate
were refluxed for 48 h in 25 mL of methanol in the absence of light. The
solution was filtered through Celite, and the solvent then removed. The
resulting red-brown solid was suspended in 1 M HBF, (aq.) and stirred
for 1 h. The solid was filtered off and washed with additional 1 M HBE,.
Impurities were removed chromatographically on neutral alumina using
4% methanol in dichloromethane as eluent. The product eluted as an
orange band. The sample for elemental analysis was dissolved in
methanol, transferred to a vial, and dried to constant weight. Yield: 169
mg, 94%. "H NMR (400 MHz, DMSO) 6 8.99 (s, 1H), 8.84 (d, J = 8.1
Hz, 2H), 8.74 (m, 3H), 8.68 (d, J = 6.1 Hz, 1H), 8.28 (t, ] = 8.1 Hz, 1H),
8.12 (dd, ] = 8.5, 7.3 Hz, 2H), 7.96 (dd, ] = 6.1, 1.9 Hz, 1H), 7.84 (m,
4H), 7.78 (m, 2H), 7.64 (dd, ] = 8.6, 3.2 Hz, 2H), 7.55—7.50 (m, 2H),
7.17 (s, 2H), 6.15 (s, 1H), 4.04—3.94 (m, 4H), 1.57 (s, 9H), 1.25 (s,
9H), 1.20 (t, J = 7.1 Hz, 6H). 3C{'"H} NMR (126 MHz, DMSO) §
161.12, 160.90, 157.90, 157.14, 156.90, 155.26, 152.74, 151.10, 150.23,
138.27 (d, ] = 3.7 Hz), 138.19, 137.76, 135.17, 132.82 (d, ] = 10.8 Hz),
128.77,128.57,128.20 (d, ] = 188.3 Hz), 127.45, 124.69, 124.32, 123.59,
121.69, 121.39 (d, J = 15.1 Hz), 121.14, 120.75, 61.90 (d, J = 5.5 Hz),
35.57, 35.22, 30.31, 29.88, 16.13 (d, ] = 5.9 Hz). *'P{'"H} NMR (162
MHz, DMSO) § 18.56. Elemental Analysis for
Cy6H,B,FgN,O,PRu-2.5CH,OH: Calculated C 51.25; H 5.50; N
8.63. Measured: C 51.61; H 5.51; N 8.10.

[Ru(terpy)(tbbpy)(im-ph-phos)][BF,], (15). In a Schlenk flask, 36
mg (0.034 mmol) of [Ru(terpy)(tbbpy)(im-ph-PO(OEt),][BF,], (14)
was dissolved in 10 mL of dry dichloromethane under nitrogen. A vast
excess of bromotrimethylsilane (0.50 mL) was added via syringe. The
resulting solution was stirred at room temperature for 18 h. The volatiles
were evaporated leaving a red-brown solid. The brown solid was
suspended in water, and dried in vacuo. The solid was then washed with
dichloromethane and decanted. The product was obtained as a brown
solid. Yield: 15 mg, 44%. "HNMR (501 MHz, DMSO) §9.01-8.98 (d, ]
=2.1 Hz, 1H), 8.87—8.83 (d, ] = 8.2 Hz, 2H), 8.77-8.72 (d, ] = 7.3 Hz,
3H),8.71-8.67 (d,] = 6.1 Hz, 1H), 8.31—8.26 (t,] = 8.1 Hz, 1H), 8.14—
8.09 (td, J = 7.9, 1.5 Hz, 2H), 8.00—7.95 (dd, J = 6.0, 2.0 Hz, 1H), 7.90—
7.83 (m, 4H), 7.82—7.79 (m, 2H), 7.74—7.68 (dd, ] = 12.4, 8.3 Hz, 2H),
7.58—7.49 (m, 4H), 7.19—-7.15 (d, ] = 1.3 Hz, 2H), 6.16—6.13 (t, ] = 1.5
Hz, 1H), 1.58—1.55 (s, 9H), 1.27—1.24 (s, 9H). BC{'H} NMR (126
MHz, DMSO) 6 161.12, 160.86, 157.87, 157.11, 152.69, 151.02, 148.01,
141.13, 138.15, 137.51, 135.11, 134.87, 132.16, 132.09, 131.83, 131.74,
128.54, 124.66, 124.34, 123.58, 121.66, 121.55, 120.88, 120.77, 120.58,
99.48, 35.54, 35.19, 30.29, 29.85. In this *C{'H} spectrum it is difficult
to determine which peaks are coupled to phosphorus. *'P{'H} NMR
(122 MHz, DMSO) § 11.10. HRMS for (C,,H,,N,O;PRu)":
Calculated 413.61436; Measured: 413.61310.

4-(4-(1H-imidazol-1-yl)phenyl)-3,5-dimethylisoxazole (16). A
990 mg portion (4.46 mmol) of 1-(4-bromophenyl)-1H-imidazole,
1.972 g (10.11 mmol) of 4-(4,5-dimethyl-1,3,2-dioxaborolan-2-y1)-3,5-
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dimethylisoxazole, 370 mg (0.320 mmol) of freshly purified Pd(PPh,),,
and 5.630 g (32.7 mmol) of barium hydroxide were heated at 80 °C for
18 h under nitrogen in 200 mL of 9:1 1,2-dimethoxyethane:water. The
solution was cooled to room temperature, washed with 1 M HCI, and
extracted into dichloromethane. The aqueous layer was basified with
potassium carbonate and extracted with dichloromethane. The
combined organic layers were dried over sodium sulfate, filtered, and
the solvent of the filtrate removed. The product was purified by alumina
chromatography using 1% methanol in dichloromethane as eluent and
recovered as a white solid. Yield: 660 mg, 62%. 'H NMR (400 MHz,
CD,Cl,) 57.90—7.84 (m, 1H), 7.53—7.46 (m, 2H), 7.42—7.37 (m, 2H),
7.36 (t, ] = 1.3 Hz, 1H), 7.19—7.14 (m, 1H), 2.42 (s, 3H), 2.27 (s, 3H).
BC{H} NMR (126 MHz, CD,Cl,) & 165.94, 158.85, 137.06, 135.90,
130.93, 130.85, 130.22, 122.05, 118.49, 115.99, 11.80, 10.96. Elemental
Analysis for C,H3N;O: Calculated: C 70.28; H 5.48; N 17.56.
Measured: C 70.43; H 5.39; N 17.55.

3-(4-(1H-imidazol-1-yl)phenyl)-2,4-pentanedione (17). A 129
mg portion (0.540 mmol) of 4-(4-(1H-imidazol-1-yl)phenyl)-3,5-
dimethylisoxazole and 86 mg (0.325 mmol) of Mo(CO)s were
vigorously refluxed in 20 mL of 1:1 acetonitrile:water for 4 h. Solvent
was removed in vacuo. Without further purification, the solid was
redissolved in 20 mL of 1:1 ethanol:water and 706 mg (7.75 mmol) of
oxalic acid was added. The mixture was stirred at 50 °C for 3 h, after
which solvent was removed. The mixture was basified using aqueous
sodium bicarbonate and extracted with dichloromethane. The organic
fraction was dried using sodium sulfate and solvent removed. The
product was isolated by recrystallization from hexanes as a white
crystalline solid and stored in the freezer. Yield: 52 mg, 45%. '"H NMR
(400 MHz, CD,Cl,) § 16.75 (s, 1H), 7.90—7.87 (m, 1H), 7.48—7.43 (m,
2H), 7.36 (t, ] = 1.3 Hz, 1H), 7.35—7.29 (m, 2H), 7.18—7.15 (m, 1H),
191 (s, 6H). ¥C{"H} NMR (126 MHz, CD,Cl,) § 191.36, 137.09,
136.55, 135.86, 133.06, 130.75, 121.98, 118.45, 114.47, 24.37. Elemental
Analysis for C,H;3N;O: Calculated: C 69.41; H 5.82; N 11.56.
Measured: C 69.34; H 5.91; N 11.72.

Solution UV/vis Absorbance and Emission Spectroscopy.
Complexes were dissolved in ethanol to a concentration of 0.1 mM. UV/
vis absorbance spectra were recorded on a Varian Cary 3
spectrophotometer. Emission spectra were recorded on an Horiba
Fluorolog 3 Time Domain Spectrofluorometer in steady-state mode.
The spectrofluorometer was equipped with a xenon lamp coupled to a
monochromator set to 475 nm.

Cyclic Voltammetry. Cyclic voltammograms were measured using
a three-electrode setup containing a platinum disc working electrode,
platinum wire counterelectrode, and BASi Double Junction Reference
Electrode (MF-2030) containing a silver wire. A supporting electrolyte
of 0.1 M NBu,BF, was used, with 0.3 mM concentrations of the complex
of interest in 4 mL of acetonitrile. All measurements were made relative
to the Fc*/Fc redox couple (E,, = 630 mV vs NHE).

Diffuse Reflectance UV/vis Preparation and Procedure. TiO,
thin films were prepared on 25 mm X 25 mm glass coverslips by spin
coating a solution of TiO, nanoparticles (P25, Degussa) (1 g in 4 mL
50/50 (v/v) ethanol/deionized water) using a Headway PWM32 Spin
Coater (Headway Research Inc.). The films were sintered at 450 °C for
2 h with a ramp rate of 5 °C/min, and the resulting total film thickness
was 3.5 um.*

The desired dye was dissolved in ethanol (0.3 mM solution), and
spin-coated slides were submerged in the dye solution in the absence of
light for 36 h. Slides were then washed with excess ethanol to remove
any unbound dye. UV/vis spectra were recorded using a Varian Cary 3E
spectrophotometer operating in diffuse reflectance mode.

Solar Cell Preparation and Measurement. DSSCs were prepared
by spin coating a solution of TiO, nanoparticles (P25, Degussa) (1 gin 4
mL 1:1 ethanol/deionized water) using a Headway PWM32 Spin
Coater (Headway Research Inc.). Glass coated with fluorine-doped tin
oxide (TEC 7, Hartford Glass Inc., U.S.A.) was rinsed thoroughly with
ethanol prior to coating, and a spin speed of 1000 rpm was used to yield a
3.5-um thick film.>® A subsequent layer was deposited yielding a total
thickness of 7 ym. After drying at room temperature, a 0.25 cm?
template was used to cut out the DSSC active areas. Excess TiO, was
scraped off, and the working electrodes were cleaned with ethanol before
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sintering in air at 450 °C for 2 h with a ramp rate of 5 °C/min. The TiO,
electrodes were then immersed in dye solutions as described above for
36 h.

Prior to DSSC assembly, the electrodes were removed from dye
solution and rinsed thoroughly with absolute ethanol. Platinum counter
electrodes and iodide/triiodide redox electrolyte were prepared by
methods outlined previously.*' Solar cells were assembled prior to
testing using a 60-ym plastic thermal spacer (SX1170—60, Solaronix SA,
Switzerland) between electrodes and were held together with metal
binder clips. Photocurrent—voltage measurements were performed
using a 300 W ozone-free xenon lamp with an AM 1.5G filter (Newport,
U.S.A.) as a light source and were recorded using a Keithley 2400 digital
source meter. The light intensity of the AM 1.5G filtered xenon lamp
was adjusted to 100 mW/cm? prior to testing. Exact solar cell surface
areas were confirmed by scanning the working electrodes with a 1200
dpi scanner.
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