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Abstract

Recombination of electrons injected into TiO2 with molecular acceptors present at the interface
represent an important loss mechanism in dye-sensitized water oxidation and photochemical
electrical power generation. Herein, the kinetics for this interfacial electron transfer reaction to
oxidized triphenylamine (TPA) acceptors was quantified over a 70° temperature range for para-
methyl-TPA (Me-TPA) dissolved in acetonitrile solution, 4-[N,N-di(p-
tolyl)amino]benzylphosphonic acid (a-TPA) anchored to the TiO: interface, and a TPA covalently
bound to a ruthenium sensitizer, [Ru(tpy-CsHs-POsHa)(tpy-TPA)]** “RuTPA”, where tpy is
2,2°:6°,2” -terpyridine. Activation energies extracted from an Arrhenius analysis were found to be
11 £ 1 kJ mol! for Me-TPA and 22 £+ 1 kJ mol! for a-TPA, values that were insensitive to the
identity of different sensitizers. Recombination to RuTPA™ proceeded with Ea = 27 + 1 kJ mol!
that decreased to 19 + 1 kJ mol! when recombination occurred to an oxidized para-methoxy TPA
(MeO-TPA) dissolved in CH3CN. Eyring analysis revealed a smaller entropy of activation |[AS¥|
when the a-TPA was anchored to the surface or covalently linked to the sensitizer, compared to
that when Me-TPA was dissolved in CH3CN. In all cases, Eyring analysis provided large and
negative AS* values that point toward unfavorable entropic factors as the key contributor to the
barrier that underlies the slow recombination kinetics that are generally observed at dye-sensitized

Ti0; interfaces.



Introduction
Excited-state electron injection into wide bandgap semiconductor nanocrystallites

interconnected in a mesoporous thin film represents a crucial first step in dye-sensitized water
oxidation and halide oxidation for solar fuel or electrical power generation.!'!®  Fortunately,
excited-state injection is known to occur quantitatively and on ultrafast time scales under a wide
variety of experimental conditions.!! Most practical applications also require that the injected
electrons be quantitatively transported through the mesoporous thin film to the external circuit by
avoiding recombination with interfacial acceptors. In optimized dye sensitized solar cells operating
at short circuit conditions, every injected electron is indeed collected in the external circuit within
reasonable experimental error while at the power point condition there is evidence for some
unwanted recombination.!? The situation for dye-sensitized water oxidation is far less optimal, as
slow water oxidation results in significant recombination, even when core-shell nanostructured

materials are used to inhibit this unwanted chemistry.!*!8

A fundamental study designed to
quantify the activation barriers for charge recombination under conditions that can be exploited for

practical water oxidation is presented herein.
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Figure 1. The TPA and Ru sensitizers utilized herein are shown as well as the four interfacial electron
transfer reactions of injected electrons with oxidized triphenylamines. After visible light absorption, excited-
state electron injection from the sensitizer to the acceptor state of TiO; occurs. In all cases, excited-state
injection occurs (1) followed by regeneration with TPA (2) to yield an injected electron and an oxidized
TPA that enabled the highlighted recombination reaction (3) to be quantified for TPA derivatives in fluid
solution (a) and (d), anchored to TiO; (b), or covalently linked to the sensitizer (c). See text for more details.

This study utilizes triphenylamines (TPAs) that are either solvated in an acetonitrile
solution (Me-TPA, MeO-TPA) that surrounds the mesoporous thin film, anchored to the TiO»
2



surface (a-TPA), or covalently linked to the dye sensitizer (RuTPA), Figure 1. The TPAs were
chosen for their high stability in both their neutral and one electron oxidized forms, while also
possessing a formal E9(TPA*?) reduction potential that can be widely tuned.'*?° These amines
also absorb little visible light in their neutral state, in contrast to an intense absorption band in the
red region upon oxidation. This feature makes them ideal for characterization by transient
spectroscopic techniques. These spectroscopic and electrochemical properties of TPAs have also
been exploited previously in a variety of solar cells.?!2?

Reported herein is a systematic study of the unwanted recombination reaction between an
injected electron and an oxidized TPA, represented by the highlighted red arrows (3) in Figure 1.
Four different types of recombination reactions are reported, all of which are initiated by light
absorption of a Ru polypyridyl sensitizer, followed by excited state electron injection (1), and
electron transfer from TPA to the oxidized sensitizer (2). The physical location of the TPA was
intentionally varied. Recombination to Me-TPA™" occurred in fluid solution, Figure 1a, while a-
TPA* was co-anchored with the sensitizer to the TiO» surface, Figure 1b. This reactivity was
initiated with light absorption by two different sensitizers, a Ru-bipyridyl (RuP) or a Ru-terpyridyl
(RuT) complex, which were found to behave very similarly. In the covalently linked RuTPA,
excited-state injection by the ruthenium sensitizer was followed by intramolecular electron transfer
from the pendant TPA group, Figure 1c, as well as a subsequent intermolecular electron transfer
that enabled recombination to MeO-TPA™ to be quantified, Figure 1d. Interestingly, the activation
and kinetic parameters were distinctly different for these four interfacial electron transfer reactions;
yet a very negative entropy of activation indicated that the unfavorable entropy change associated
with localization of an injected electron on a single molecular acceptor contributes significantly to

the large barrier and slow recombination that are generally found at dye-sensitized TiO> interfaces.

Results

The RuP, RuT, RuTPA and a-TPA compounds used in this study (Figure 1) were prepared
and characterized by standard methods that are detailed in the Experimental Section. When
dissolved in fluid acetonitrile solutions, RuP displayed a characteristic metal-to-ligand charge
transfer (MLCT) band centered at 460 nm, while RuT and RuTPA exhibited more red-shifted
MLCT features at 490 nm and 500 nm respectively. Shown in Figure 2 are the visible absorption

spectra of mesoporous TiO: thin films sensitized with RuP, RuT or RuTPA immersed in neat



CH3CN or in 0.1 M LiClO4/CH3CN. When anchored to the TiO» surface, all ruthenium sensitizers
retained their MLCT absorption band regardless of their surface coverage or the presence of a co-
anchored TPA compound (see experimental section). The addition of 0.1 M LiClO4 resulted in a
bathochromic (red) shift of the MLCT band of RuP, consistent with prior observations made with
similar Ru compounds (Figure 2).2*2¢ The Li* induced spectral shifts were much less pronounced
for RuT, and nearly indistinguishable for RuTPA. The neutral TPA derivatives showed an intense
absorption band centered around 300 nm in CH3CN with no appreciable absorption in the visible
region.

Cyclic voltammetry measurements performed in 0.1M LiClO4/CH3CN solutions showed
reversible redox chemistry for all the TPAs used in this study (Figure S2). The formal reduction
potentials E°(TPA*?) were estimated as the average potential between the anodic and cathodic peak
currents, Table 1. Spectroelectrochemical measurements were performed to quantify the
absorption spectrum of the one electron oxidized form of both the TPA and Ru(Il) compounds.
Upon oxidation, each TPA species displayed a strong absorption band centered between 670 nm
and 720 nm, Figure 2. The oxidized RuP and RuT sensitizers displayed negligible absorption in
the visible region. Regarding RuTPA, a simultaneous bleach of the MLCT concomitant with the
appearance of the TPA" signal was observed upon oxidation (Figure S3-S4), as previously
observed for similar compounds.?” A summary of these spectral and electrochemical properties is

presented in Table 1.
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Figure 2. The visible absorption spectra of RuP (black), RuT (orange) and RuTPA (brown) anchored to
TiO> thin films immersed in CH3CN (solid) or in 0.1 M LiCIO4 CH3CN solution (dashed). The spectra of
Me-TPA" (blue) a-TPA" (green) and MeO-TPA" (purple) in 0.1 M LiClO4 CH3CN solution are also given.



Table 1: Reduction Potentials and Absorption Maxima of the Ru Sensitizers and TPAs.?

E° Aabs (nm) Aabs (nm) TPA*
(V vs NHE) (e x10°M" cm™) (e x10°M" cm™)

RuP 1.37 460 (1.4)

RuT 1.52 488 (2.1)
RuTPA 1.15; 1.67 502 (4.3) 670 (1.8)
a-TPA 1.05 300 (2.5)a® 690 (2.4)°

Me-TPA 0.99 301 (2.4)° 668 (2.4)°
MeO-TPA 0.72 296 (2.6) 717 (2.8)

@ All data measured at room temperature in 0.1M LiClO4#/CH3CN solutions. ®Values obtained from the ester

derivative a-TPA. °Obtained from ref 2°.
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Figure 3. Absorption changes observed 50 ns (green) and 1 us (orange) after pulsed 532 nm light irradiation
of TiOz|{RuP,Me-TPA} (a), TiO,|{RuT,Me-TPA} (b), TiO2|{RuTPA,MeO-TPA} (c), TiO2|{RuP,a-TPA}
(d), TiO;|{RuT,a-TPA} (e) and TiO:|{RuTPA} (f) submerged in argon saturated 0.1 M LiClO4s CH3CN

electrolyte.

The transient absorption difference spectra generated after pulsed 532 nm laser excitation of

mesoporous TiOz thin films sensitized with either RuP or RuT (abbreviated TiO:|{RuP} or
TiO,|{RuT}) submerged in 0.1 M LiClO4/CH3CN solution containing 30 mM Me-TPA are

presented in Figure 3a and b. At early observation times (50 ns), spectral signatures assigned to

the oxidized Me-TPA™ as well as the oxidized sensitizer, RuP or Ru'T were observed. The

concentration of the oxidized sensitizer decreased with the concomitant growth of Me-TPA™, which



achieved a maximum after ~ lus. For TiOz|{RuP}, an additional first derivative spectral signature
was observed at ~500 nm attributed to a Stark effect.?4-2

Single wavelength absorption changes were non-exponential and were adequately modeled
using a single Kohlrausch-Williams-Watts (KWW) function given in Equation 1,

A) = Age®OF (1)
where k represents a rate constant and B, which ranges between 0 and 1, is inversely related to the
width of a Lévy distribution.?®?° An average rate constant was taken as the first moment with
Equation 2, where I' is the gamma function.
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Figure 4. Absorption changes monitored at the TPA" maximum signal (positive signal) after pulsed 532
nm laser excitation of TiO|{RuP,Me-TPA} (a), TiO,|{RuP,a-TPA} (b) and TiO2/{RuTPA} (c) in 0.1 M
LiClOs CH5CN electrolyte at various laser fluences. The purple region highlights the regeneration of Ru'"P
by Me-TPA at 402 nm (negative signal) that is used to determine k; and f;. Fits to the KWW model are
overlaid on the data as solid yellow lines.

The transient absorption signatures of oxidized Me-TPA" monitored at 670 nm were biphasic
as a result of diffusional regeneration (Figure 4a). A sum of two KWW functions adequately
modeled the data. The loss of Ru'P and Ru™T was directly correlated with the appearance of
Me-TPA" (Figure 4a). The values for 8 and £ obtained from the kinetic data for the reduction of
Ru'"P and Ru™T were fixed as B 1 and k; in the bi-KWW function used to model the Me-TPA*
absorption changes. A value of f2 = 0.7 was found to provide the best fits to the decay profile. An
average rate constant, kg, of 5.8 + 0.3 x10* s! and 8.2 + 0.5 x10* s! for RuP and RuT
respectively, were abstracted from these data using Equation 2. Excitation irradiance dependency
studies resulted in normalizable absorption transients over a greater than ten-fold change in the

initial concentration.



The absorption difference spectra generated after pulsed laser excitation of TiO; thin films
cofunctionalized with a sensitizer (RuP or RuT) and a-TPA (TiO:/{RuP,a-TPA} and
TiO:|{RuT,a-TPA}), are presented in Figure 3d and e. In contrast to the previous results where
the TPA was present in the electrolyte, the a-TPA samples showed no absorption changes that could
be attributed to Ru™ within the response time of our instrument (~20 ns), consistent with sub
nanosecond regeneration of Ru™ to Ru''. Transient data corresponding to recombination with a-
TPA* were modeled by a single KWW function, with § = 0.17 providing the best fits (Figure 4).
Excitation irradiance data (figure 4b) were non-normalizable and displayed faster recombination
rates with increasing initial concentrations. Representative data for TiO>|{RuT,Me-TPA} and
TiO:|{RuT,a-TPA} are gathered in the S.I (Figure S5)

Pulsed laser excitation of the covalently linked ruthenium-TPA (TiO2|{RuTPA}) resulted in an
instrument response limited appearance of RuTPA™, kobs > 108 571, (Figure 3f and Figure 4¢) whose
spectral signature was in good agreement with that expected from spectroelectrochemical data. The
average first-order rate constant for charge recombination was 1.3 £ 0.1 x10° s! with 8 = 0.4. Upon
the addition of 20 mM MeO-TPA to the external solution (Figure 3c¢), the RuTPA* was rapidly
(~100 ns) regenerated, with the appearance of MeO-TPA" (Amax = 720 nm). Recombination of
electrons in TiO> to MeO-TPA" were modeled using 8 = 0.6 for TiO2|{RuTPA,MeO-TPA "} that
gave rise to an average rate constant of 6.9 + 0.4 x10* s!. Note that this recombination process
occurred at longer timescale than those observed for Me-TPA in solution.

The different recombination reactions between electrons in TiO» and TPA™ acceptors described
previously were monitored over a 70-degree temperature range (Figure 5). Representative data
for TiO2|{RuP,Me-TPA}, TiO2|{RuP,a-TPA} TiO:|{RuTPA} and TiO:|{RuTPA,MeO-TPA} are
shown in Figure 5 and the corresponding data for TiOz|{RuT,Me-TPA} and TiO2|{RuT,a-TPA},
are gathered in the S.I (Figure S6). The extracted average rate constants, ki, were used to
generate an Arrhenius plot (Figure 6 and Equation 3), from which activation energies were
obtained, Table 2. Furthermore, Eyring analysis (Figure 6 and Equation 4), revealed the

enthalpies (AHY) and entropies (AS¥) of activation that are summarized in Table 3.
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Figure 5. Single wavelength absorption changes measured after pulsed 532 nm laser excitation of
TiO,|{RuP,Me-TPA} (a), TiO;|{RuP,a-TPA} (b), TiO:2|{RuTPA} (c) and TiO,|{RuTPA,MeO-TPA} (d)
in 0.1M LiClO4 CH3CN electrolyte at various temperatures.
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Figure 6. Arrhenius (a) and Eyring (b) analysis of charge recombination at the indicated dye-sensitized

interfaces.

Table 2: Kinetic Rate Constants and Activation Energies for Recombination at Sensitized
TiO: Interfaces.

Sensitized Interface Kiownw (x10°s71) 2 B In(A) Ea (kJ.mol™") | Ea (eV)

TiO2|{RuP,Me-TPA} 0.58 £0.03 0.7 15.1+0.4 11+1 |0.11+£0.01
TiOs|{RuT,Me-TPA} 0.82 £0.05 0.7 16.6 £0.2 11+0.5 |0.11 £0.01
TiO2|{RuP,a-TPA} 1.9+0.1 0.17 21.5+04 23 +1 0.24 +£0.01
TiOs|{RuT,a-TPA} 1.6+0.1 0.17 |18.6+0.7 20+ 1.5 |0.22+0.02
TiOs| {RuTPA} 13£0.1 0.4 |243+0.9 2741 |0.35%0.02
TiO2|{RuTPA,MeO-TPA } 0.69 £0.04 0.6 17.8+0.4 19+1 0.20+0.01

*The room temperature average rate constant kxww and the corresponding 3 values were extracted from fits to the KWW

function.




Table 3: The Activation Enthalpy (AH¥), Entropy (AS*) and Gibbs Free Energy (AG*) for
Recombination at Sensitized TiO: Interfaces.

Sensitized Interface AH* (kJ mol") | AS* (J mol' K AG* (kJ mol™)
TiO;|{RuP,Me-TPA} 9.1+0.9 127+5 46.9
TiO,| {RuT,Me-TPA} 8.8+1.3 11845 44.0
TiOs|{RuP,a-TPA} 20.5+0.8 7343 422
TiOs|{RuT,a-TPA} 20.6+0.9 84+ 4 45.6
TiOs|{RuTPA} 243+0.8 7743 47.2
TiO2| {RuTPA,MeO-TPA} 16.8 4 0.8 104 +3 47.8

Discussion

In this report, pulsed light excitation of dye-sensitized mesoporous TiO> thin films resulted
in rapid excited state electron injection, ki, > 108!, followed by quantitative reduction of the
oxidized dye sensitizer by TPA to yield the desired charge separated state comprised of an electron
in TiO, TiOx(e"), and TPA* whose subsequent recombination was the focus of this work. Related
studies of electron transfer from photo-injected electrons in TiO; nanocrystallites (TiO2(e")), to an
electron acceptor (A) (Equation 5), has been the focus of prior publications where “A” was an

42-43

oxidized dye!®3%-33 halide®*3¥, organic compound?®33-3%-4! transition metal complex**-*3, or water

oxidation catalyst> 4443,

TiO2(e) + A 2 TiO2 + A &)

This study complements, yet differs, from prior work by direct control of the acceptor in one of the
following locations: 1) dissolved in the external CH3CN solution that surrounds the mesoporous
thin film; 2) anchored to the TiO; surface; or 3) covalently linked to the sensitizer. The utilization
of a nearly identical series of TPA" acceptors afforded meaningful comparisons of the influence
on the electron transfer kinetics and energetic barriers, which were indeed found to be acutely
sensitive to the location of the TPA" in a sense that was not anticipated. For example,
recombination to the Me-TPA™ acceptors in fluid solution behaved like a first-order reaction while
the surface anchored acceptor displayed behavior indicative of second-order recombination;
behavior opposite to what might have been expected. Furthermore, the average recombination rate
constant to the surface anchored a-TPA™ acceptor was 2-3 times larger, even though the measured
activation barrier was about twice as large as that measured for the solution acceptor. Eyring
analysis indicated a substantial entropic contribution to the large barrier for recombination. Below

10



these and other interesting behaviors are discussed in the context of prior literature with emphasis
on the kinetics, activation barriers, and mechanism.

Kinetics. Excited-state injection in the electron accepting states in TiO2 necessarily leads
to the formation of one oxidizing equivalent (as an acceptor A) and one injected electron.
Concentration is poorly defined at these interfaces and it is more precise to state that excited state
injection yields equal numbers of injected electrons and electron acceptors. As a result, a second-
order rate law might be expected (Equation 6) as is commonly observed for donors and acceptors

in fluid solution.
Rate = k [A][TiO2(e")] (6)

Indeed, early studies provided clear evidence for second-order recombination where A was an

oxidized dye.4-30

Compelling evidence for second-order recombination, gathered from laser
irradiance studies, showed dramatically increased rates with increased numbers of acceptors and
extracted rate constants that were concentration independent. Studies of other dye sensitized

interfaces generally showed better fits to the stretched exponential or Kohlrausch-Williams-Watts
(KWW) function AA = Ade~*D" indicative of dispersive kinetics.?% 27305154 Here B is inversely
related to a Lévy distribution of rate constants. When 3 = 1, a first-order reaction results, whereas
smaller 3 values correspond to increasingly broad distributions of rate constants that have been
recovered analytically or by approximation.?*>> For charge recombination to oxidized sensitizers,
B values less than 0.5 are typically reported.”® However when dispersive kinetics were present, the
transient kinetic data was sensitive to the initial number of injected electrons and decayed more
quickly as the concentration increased.’® 3537 1In other words, the laser irradiant dependent
recombination dynamics could not be normalized like what would be expected for first-order
recombination. These observations were important as they revealed how concentration studies
(through excitation irradiance) could be used to determine reaction orders greater than one. They
also indicated that when dispersive kinetics traces were identified, meaningful comparative studies
required that the number of injected electrons be held constant. Interestingly, the dispersive nature
of the recombination was initially attributed to transport of the injected electron back to the

oxidized dye at the injection site; more recent data discussed below show that transport of the

11



oxidized dye across the nanocrystallite surface by intermolecular self-exchange, termed “hole-
hopping”, is also a key factor.3% %7

Highly relevant to the present study are experiments where the oxidized sensitizer is reduced
by an electron donor, a reaction often called “sensitizer regeneration”. Most prior literature on this
subject has focused on iodide donors with remarkably slow interfacial electron transfer from
TiOx(e) to I3 3* 3% that was attributed to the unfavorable one-electron reduction potential of I5-
(E°(I7/( I,~,I")) = -0.58V vs SCE).> Other studies have focused on recombination to transition
metal or organic based acceptors, often more amenable to systematic studies. > 4-*7 For example,
Hupp et. al found that recombination to a series of Co(bpy’)s** acceptors was consistent with
Marcus normal kinetic behavior.6-62

Herein, the location of the TPA had a significant influence on the recombination kinetics,
with the fastest recombination occurring to surface anchored TPA, a-TPA. In this case, the 3 value
was 0.17, which is similar to those previously reported for other surface anchored acceptors,

including the oxidized sensitizers used herein,!? 36 63-64

The large average rate constant 1.7 + 0.2
x 10° s! is attributed to a rapid TPA"° hole-hopping. Previous studies of a series of five cis-
Ru(dcb)(phen’)(NCS),, where phen’ was a substituted 1,10-phenanthroline and dcb is 4,4’-
(CO2H)2-2,2’-bipyridine, showed a direct correlation between hole-hopping and charge
recombination. The sensitizers with the largest apparent diffusion coefficients for hole hopping
showed the fastest recombination rates.%> Furthermore, absorption anisotropy and variable surface
coverage studies have shown that fast lateral hole-hopping consistently promotes faster charge
recombination.’® Hence, regeneration of the oxidized sensitizer by the surface anchored a-TPA
resulted in a significant free energy loss (320 meV for RuP and 479 meV for RuT) and a shorter-
lived injected electron, neither of which are desirable for solar applications.

A very recent study of dye regeneration by a series of triphenylamines revealed a first-order
recombination mechanism,?’ consistent with a unimolecular-type reaction that provided the true
electron transfer rate constant without complications from transport of the injected electron and/or
oxidized dye. The electric field created by excited state injection was proposed to hold the TPA*
proximate to the sensitized TiO: interface, inhibiting its ability to diffuse away from the interface.
The electric fields generated by excited state injection are now known to be large, > 2 MV/cm,!*:
6 and there is a growing realization that such polarization restricts nuclear motion. First-order

kinetics were only observed with those TPA derivatives that provided the largest driving force for

12



recombination. With TPA derivatives that were easily oxidized, dispersive kinetics were observed,
which were irradiance dependent with 3 =0.7. A reaction sphere model, similar to that of Perrin
and Onsager, whose diameter increased with the free energy change was proposed. Recombination
within the sphere was first-order while electrons outside had to undergo hopping, resulting in the
observed dispersive kinetics.?’

In this report, the Me-TPA donor yielded a B value of 0.7 which is much closer to first
order-kinetics than that measured for the anchored TPA, a-TPA, where a 3 value of 0.17 was found
to provide the best fit to the experimental data. Regarding RuTPA, a 3 value of 0.4 provided the
best fit. This value is intermediate between Me-TPA and a-TPA, as is the average rate constant
(1.3 £ 0.1 x 10°s"). The significant difference in B values between the free and surface anchored
TPA suggests that the two recombination events are subject to different degrees of electron
diffusion, or are governed by a different process entirely. While Me-TPA can adopt several
geometries on the surface of the metal oxide, a-TPA is restricted to a more orthogonal geometry.
The former would allow for stronger coupling with the surface while the latter may promote rapid
self-exchange reactions. This suggests that the overall electron recombination process is not solely
dependent on diffusional process within the semiconductor, but rather is strongly influenced by the
structure, geometry, configuration and dynamics of the electron acceptors.

Activated Interfacial Electron Transfer. This study also quantified the activation energy
for recombination to the oxidized triphenylamines. The kinetics described above highlight that a
major difficulty in interpretation rests on the nature of the rate determining step. This slow step
may be electron Ti'™V™ transport in the TiO,, TPA™ self-exchange across the surface, and/or the
actual interfacial electron transfer reaction. A value for electron Ti™V! transport in TiO> has been
reported as 0.13 eV, which is about 12 + 1 kJ.mol!.*” This value is remarkably similar to that for

Li* hops in LijoSnP2Si2-based composites,®®

and is hence consistent with ambipolar diffusion
models that correlate electron transport with intercalated electrolyte cation motion.

The barrier for TPA™ self-exchange is expected to be surface coverage dependent. It was
previously shown with a series of [Ru(LL)>(dcb)]** complexes, where dcb is 4,4’-dicarboxy-2,2’-
bipyridine and LL was either 4,4’-CF3-, 4,4’-(CH3);C- or 4,4’-CH3-2,2’-bipyridine, that the
activation energy for charge recombination were 22, 20 and 17 kJ mol!, respectively.’® At sub-
percolation coverages the activation energies were all around 22 kJ mol™!. It should be stressed that

charge recombination is also sensitive to the bridge orbitals that separate the acceptor from the
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surface and specific bridge mediated pathways have been identified.?’ Finally, the anionic binding
group (phosphonate or carboxylate) may also influence dynamics by precluding close encounters
of the TiOz(e") with acceptors at the electrolyte interface.

The recombination activation energy to Me-TPA* and a-TPA* was 11 kJ.mol! and 21-23
kJ.mol!, respectively. Hence the barrier for the solution phase acceptor was very similar to that
expected for Ti"™V" hopping alone, while that for the surface bound acceptor was in the same range
as that previously reported for oxidized sensitizers.>® The activation energy for recombination after
excitation of TiO2|{RuTPA} was determined to be 27 kJ.mol!, which was the largest barrier
measured. The higher activation energy is related to the rigid molecular structure that fixes the
TPA" further from the TiO> surface resulting in weaker electronic coupling as is described below.
Interestingly, when the oxidizing equivalent was transferred from TiO|{RuTPA*} to MeO-TPA
in solution, the activation energy for recombination decreased to 19 kJ.mol"!, but was still larger
than that measured for Me-TPA™ after light excitation of TiO2|{RuT} or TiO,/{RuP}. This
behavior is attributed to MeO-TPA™" being more weakly coupled to the TiO» surface than Me-TPA*
as is discussed below.

An Eyring analysis of this same data was revealing.%7? The activation enthalpy (AH%), entropy
(ASY) and Gibbs free energy (AG*) are given in Table 3.7* In fluid solution, the AH* value is related
to Ea through Equation 7 and good agreement was indeed found between the Arrhenius and the

Eyring analysis.

AH* = E,—RT (7)

The AS* values were consistently more negative with Me-TPA™ present in the external solution
compared to the surface anchored or ruthenium linked cases. For a first-order unimolecular

reaction, AS* determines whether the reaction proceeds faster or slower. ®

Since previously
reported recombination to solvated TPA’" derivatives displayed first-order kinetics that reflect the
true interfacial electron transfer reaction, this data was reanalyzed with transition state theory and

is given in Table 4.
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Table 4: Electrochemical properties of four triphenylamine derivatives as well as the
activation Enthalpy (AH¥), Entropy (AS*), Gibbs Free Energy (AG*) for recombination at
Sensitized TiO; Interfaces.

TPA™ (V vs. NHE)? | AH* (kJ mol") | AS* (J mol’ K") | AG* (kJ mol™)
MeO-TPA 0.72 £ 0.01 10.8+£0.5 -127+2 48.8
Me-TPA 0.93 +£0.01 10.8+0.5 117 +2 45.7
CI-TPA 1.24 +0.01 10.8+0.5 -107 £2 42.9
Br-TPA 1.25+0.01 10.8+0.5 -103+2 41.6

a Taken from ref2’

Note that the values for Me-TPA™ differ slightly from those in Table 3 as a different sensitizer
was utilized. In all cases the magnitude of AS* was large and negative, - 115+ 15 J mol'K!. An
unfavorable activation entropy would be expected when an electron in a ~ 20 nm anatase TiO>
nanocrystallite localizes on a surface absorbed TPA*. The same expectation would hold for the
surface anchored and sensitizer linked TPA*™ where the less negative AS* = - 78 + 6 J mol"'K™!,
implies a less well-ordered transition state that may be influenced by the anionic surface anchoring
groups. This allows one to rationalize why recombination to the surface anchored a-TPA™* was fast
even though the barrier was large, the AS* value was more favorable presumably because a-TPA*"?
self-exchange enabled less structural ordering in the transition state.

Interestingly, the AH* and AS* values in Table 3 trade off on each other, such that the AG?
values were approximately the same and independent of the location of the TPA*, 45 + 3 kJ mol ..
Such behavior is consistent with Marcus theory for non-adiabatic electron transfer and the
expectation that AG® was approximately constant for this study. For the prior work given in Table
4, AG® was intentionally varied. The AG* values decrease as the driving force increased, consistent

with electron transfer in the normal kinetic region.

Conclusion

The data provides the first transition state analysis for interfacial electron transfer from
TiO2(e) to TPA* located at specific sites near the interface. Variable concentration studies
revealed that recombination to Me-TPA™ that had been dissolved in solution followed first-order
kinetics while recombination to the surface anchored a-TPA* showed evidence for higher order

reactivity. Interestingly, recombination to a-TPA* was faster than to Me-TPA™ despite a higher
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activation energy for the former. The origin of this behavior was traced to a less negative entropy
of activation (AS¥). Indeed, all Eyring analysis point toward unfavorable AS* values as a key
contributor to the barrier that results in the slow recombination kinetics commonly reported at dye-
sensitized TiO: interfaces. Such behavior might be anticipated when an electron in an anatase TiO:
nanocrystallite localizes on a molecular acceptor. The largest barrier was measured for TPA*
covalently linked to a ruthenium sensitizer that would be most practically useful for water splitting
and photocatalysis applications where recombination is highly deleterious. Taken together, the
results indicate that unfavorable entropy changes provide a large barrier that underlie the slow
recombination at dye-sensitized interfaces yet the details of the transition state, and specifically the

location of the acceptor, are important parameters for optimization.

Experimental

Materials:

NMR solvents were purchased from Cambridge Isotope Laboratories, Inc. and were used as
received. Sephadex-LH20 used for column purification was purchased from GE Healthcare and
was swelled in the eluent of choice overnight prior to use. All other reagents and solvents were
obtained from commercial sources and used without further purification. Mesoporous thin films of
anatase TiO> nanocrystallites were prepared according to previously reported literature, and either
used immediately after preparation or were stored in an ~70°C oven until use. [Ru(ttt)Cl3]"
[Ru(PO3Et-C¢Ha-tpy)Cl3]”> and 4,4’-bis-(diethylphosphonate)-2,2’-bipyridine’® were prepared
according to published procedures.

Sensitized TiO; thin films preparation:

Mesoporous nanocrystalline TiO, films were prepared using previously reported methods,”’
and were sensitized to visible light by submersion in acetonitrile solutions containing RuP, RuT
or RuTPA for a minimum of 12 h. The surface coverage was varied between saturation coverages
and ~30 % of saturation coverages by varying the sensitizer solution concentration. When studying
a-TPA, films prepared with ~30% sensitizer saturation coverages were subsequently submerged
in concentrated a-TPA ethanol solutions for a minimum of 12 hours, and the cosensitized films are
abbreviated as TiOz|{RuP,a-TPA} and TiO:|{RuT,a-TPA}.

Molecular Characterization:
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Characteristic NMR spectra were obtained at room temperature on a Bruker Avance III 400 or
600 MHz spectrometer. Solvent residual peaks were used as internal standards for 'H and !*C
chemical shift referencing. All 3'P{'H} NMR spectra were obtained on a Bruker Advance
spectrometer at 162 MHz and recorded relative to H3;POs. Generated spectra were processed using
the MNOVA software.

Mass spectrometry was performed with a hybrid LTQ FT (ICR 7T) (ThermoFisher) mass
spectrometer. Samples were introduced via a micro-electrospray source at a flow rate of 3 puL/min.
The software Xcalibur (ThermoFisher) was used to analyze the data. Each mass spectrum was
averaged over 200 time domains. Electrospray source conditions were set as: spray voltage 4.7 kV,
sheath gas (nitrogen) 3 arb, auxiliary gas (nitrogen) 0 arb, sweep gas (nitrogen) 0 arb, capillary
temperature 275 °C, capillary voltage 35 V and tube lens voltage 110 V. The mass range was set
to 150-2000 m/z. All measurements were recorded at a resolution setting of 100,000. Solutions
were analyzed at 0.1 mg/mL or less based on responsiveness to the ESI mechanism. Low-resolution
mass spectrometry (linear ion trap) provided independent verification of molecular weight
distributions.

Spectroscopy:

UV—vis absorption spectra were recorded on a Varian Cary 60 UV—vis spectrophotometer. The
extinction coefficients were determined from dilution of stock solutions and represent averages of
at least two independent measurements. Nanosecond transient absorption measurements were
acquired on a setup published previously.”® All solutions were sparged with argon for at least 30
minutes before transient absorption experiments.

Electrochemical measurements were performed on a BASi Epsilon potentiostat in a standard
three-electrode cell in CH3CN electrolytes employing a platinum disk working electrode and a
platinum mesh as an auxiliary electrode. A non-aqueous silver/silver chloride pseudo-reference
electrode (Pine) was calibrated using ferrocene.

Compound Synthesis:

[Ru(4,4’-bis-(diethylphosphonate)-2,2’-bipyridine)(n®-C¢Hg)C1]Cl: A 100 mL round
bottom flask equipped with a stir bar was charged with [Ru(n’-C¢He)C1].Cl> (148 mg, 0.295 mmol),
and 4,4’-bis-(diethylphosphonate)-2,2’-bipyridine (255 mg, 0.595 mmol). The flask was flushed
with nitrogen and then dichloromethane (30 mL) was introduced via syringe. The resulting

suspension was stirred for 12 h at room temperature. The solvent was removed by rotary
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evaporation, and then 50 mL of diethyl ether was added to the yellow-brown residue. The solid
precipitate was collected by suction filtration and then dried in vacuo affording 310 mg (78%) of
the product as a yellowish brown solid. "H NMR (400 MHz, CDCls): § 10.22 (brs, 2H), 8.47 (d, J
= 12.0 Hz, 2H), 8.05 (dd, J = 12.0, 4.0 Hz, 2H), 6.44 (s, 6H), 4.24 (m, 8H), 1.37 (q, J = 8.0 Hz,
12H). 3'P NMR (162 MHz, CDCls): § 10.69. HRMS (ESI) m/z: [M]* for C24H3:N>06P>CIRu:
643.04676; Found: 643.04541.
[Ru(4,4’-bis-(diethylphosphonate)-2,2’-bipyridine)(4,4’-di-tert-butyl-2,2’-bypridine);] Cl.: A
100 mL Teflon microwave vessel equipped with a stir bar was charged with [Ru(4,4’-bis-
(diethylphosphonate)-2,2’-bipyridine)(n®-CsHs)CI]Cl (164 mg, 0.241 mmol), and 4,4’-di-tert-
butyl-2,2’-bypridine (132 mg, 0.493 mmol). A 30 mL portion of 2:1 ethanol:water was added to
the microwave vessel and the suspension was then sonicated for 10 minutes. The resulting
suspension was stirred and heated to 160 °C in a microwave reactor over a 5 minute period, and
then held at that temperature for 20 minutes. After the reaction cooled to room temperature, the
orange solution was filtered through a 0.2 um syringe filter, and then added to a 100 mL round
bottom flask. The solvent was removed by rotary evaporation, and then the residue was dissolved
in a minimum amount of methanol. The orange solution was loaded onto a column of Sephadex
LH-20 and eluted with methanol. The fractions containing the product were combined and the
solvent removed by rotary evaporation. The resulting compound was treated with diethyl ether and
the solid was collected by suction filtration and then dried in vacuo affording 219 mg (80%) of the
product as a orange-red solid. '"H NMR (400 MHz, CD30D): 6 8.84 (d, J= 16.0 Hz, 2H), 8.71(brs,
4H), 7.80 (m, 2H), 7.67 (m, 6H), 7.53 (m, 4H), 3.96 (m, 4H, under integrates due to partial
hydrolysis under microwave conditions), 1.45 (s, 18H), 1.44 (s, 18H), 1.24 (t, J = 16.0 Hz, 6H,
under integrates due to partial hydrolysis under microwave conditions). *'P NMR (162 MHz,
CDs0D): 6 7.09. Several hydrolyzed products were observed by HRMS; HRMS (ESI) m/z: [M]*
for Cs:HeoN6OsP2Ru: 1037.37973; Found: 1037.38141; HRMS (ESI) m/z: [2M]** for
CsoHssNsOsP2Ru: 1009.34843; Found: 1009.35007
[Ru(4,4’-bis-(PO3H2)-2,2’-bipyridine)(4,4’-di-tert-butyl-2,2’-bypridine):] (PF¢): “RuP”: A 50
mL round bottom flask was charged with Ru(4,4’- (ethyl hydrogen phosphonate)-2,2’-
bipyridine)(4,4’-di-tert-butyl-2,2’-bypridine);]Cl> (237 mg, 0.208 mmol). The flask was sealed
with a rubber septum, and flushed with nitrogen before the introduction of 20 mL of anhydrous

CH3CN. Finally, trimethylsilyl bromide (100 pL, 0.758 mmol) was added by syringe. The reaction
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was heated to 70 °C for 2 days. After cooling to room temperature, 1 mL of methanol was added
to the orange solution. The solvent was removed in vacuo affording an orange-red residue. The
residue was dissolved in a minimal amount of water, and the product was precipitated by the
addition of saturated aqueous NH4PFs. The precipitate was collected and washed with a small
amount of cold water, and then dried in vacuo affording 178 mg (69%). 'H NMR (500 MHz,
CD;0OD) ¢ 8.84 (d, /= 12.1 Hz, 2H), 8.72 (dd, J = 5.6, 2.0 Hz, 4H), 7.76 (d, J = 4.0 Hz, 2H), 7.67
(m, 6H), 7.52 (m, 4H), 1.45 (s, 18H), 1.44 (s, 18H). *'P NMR (162 MHz, CD3;0D): 4 5.01. HRMS
(ESI) m/z: [M] " for C46Hs7NsOsP2Ru: 953.28583; Found: 953. 28687.

4-|N,N-di(p-tolyl)amino]benzylalcohol: The synthetic procedure was adapted from a previously
published protocol.” 4-(N,N-di-p-tolylamino)benzaldehyde (1.38g, 4.58 mmol) was dissolved in
30 mL of ethanol. Sodium borohydride (675mg, 17.84 mmol) was then added and the reaction
mixture was heated at reflux for 4 hours. Over time, the color changed from yellow to colorless.
After reaction, the mixture was brought to room temperature and poured into 50 mL of water. The
mixture was extracted three times with diethylether. The organic layers were combined, dried over
anhydrous MgSO4 and filtered. The filtrate was finally evaporated under reduced pressure to yield
the title compound as a white powder (1.36 g, 98 %). 'H NMR (CDCls, 600 MHz): & 7.20 (2H, d,
J=8.5Hz), 7.06 (4H, d, J = 8.2 Hz), 7.02 (2H, d, ] = 8.4 Hz), 6.98 (4H, d, ] = 8.4 Hz), 4.61 (2H,
s),2.31 (6H, s), 1.59 (1H, s). *C NMR (CDCls, 600 MHz): 148.04, 145.41, 134.04, 132.60, 129.99,
129.14, 128.33, 124.63, 124.56, 122.88, 65.33, 20.95. HRMS (ESI-MS) m/z: [M-OH]" Calcd for
C21H20N 286.15957; Found 286.15888; : [M+H]" Calcd for C2iH2:1NO 304.17014; Found
304.16851.

4-|[N,N-di(p-tolyl)amino]benzylphosphonic ester: 4-(N,N-di(p-tolyl)amino)- benzylalcohol
(1.04 g, 3.4 mmol) was dissolved in 13 mL of triethylphosphite. The mixture was cooled to 0°C
and sparged with argon for 30 minutes. A 900 mg (3.5 mmol) portion of I> was then added, and the
mixture is stirred at 0°C for 5 minutes before being brought to room temperature and stirred for an
additional 12 hours. After this time had elapsed, the triethylphosphite was removed under vacuum
and the residue was purified through column chromatography (SiO», CH>Cl2:MeOH 100:0 to 96:4).
The final product was recovered as a yellow oil (1.16 g, 80%) 'H NMR (600 MHz, CDCls3): § 7.13
(2H, dd, J =8.6, 2.5 Hz), 7.04 (4H, d, ] = 8.2 Hz), 6.97 (6H, m), 4.04 (4H, m), 3.09 (2H, d, ] =21.3
Hz), 2.30 (6H, s), 1.26 (6H, t, J = 7.2 Hz). *C NMR (600 MHz, CDCl3): & 147.14, 147.12, 145.38,
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132.42, 130.53, 130.48, 129.91, 124.49, 124.41, 122.97, 122.95, 62.21, 62.16, 33.52, 32.61, 20.90,
16.53, 16.49. HRMS (ESI-MS) m/z: [M]*" Calcd for C25sH30NO3P 424.20417; Found 424.20403.
4-|N,N-di(p-tolyl)amino]benzylphosphonic acid “a-TPA”: 4-[N,N-di(p-tolyl)amino]benzyl-
phosphonic ester (423 mg, 1 mmol) was dissolved in 3 mL of dry CH3CN. The mixture was cooled
to 0°C and TMSBr (460 mg, 396 pL, 3 mmol) was added. The mixture was then stirred overnight
at room temperature. After this reaction completed, the solvent was removed by vacuum distillation
and 5 mL of methanol was added to the resulting solid. Aqueous sodium hydroxide was added until
the solution reached pH~8, which was followed by the formation of a white precipitate that was
collected by filtration. The solid was then dissolved in 10 mL of water and precipitated by the
addition of 0.1 M HCI. The off-white solid was filtered, washed with water and dried under vacuum
(340 mg, 93 %). 'H NMR (600 MHz, CD3;0D): § 7.16 (2H, d, J = 7.6 Hz), 7.04 (4H, d, ] = 8.2 Hz),
6.88 (4H, m), 3.01 (2H, d, J = 21.1Hz), 2.28 (6H, s). '*C NMR (600 MHz, CD;0D): & 148.03,
146.92, 133.36, 131.63, 131.59, 130.77, 125.25, 124.20, 35.82 20.82. HRMS (ESI-MS) m/z:
[M+H]" Caled for C2H22NO3P 368.14157; Found 368.14135. [M]" Calcd for C21H22NOs3P
367.13374; Found 368.14135.

[Ru(ttt)(tpy-CsHs-PO3EL2)]?*.2PFs. (Ru-PO3Et,). [Ru(ttt)Cls] (156 mg, 0.256 mmol) and

tpy-CsH4-PO3Et2 (114 mg, 0.256 mmol) were place in a microwave tube. Ethanol (18 mL) and N-
ethylmorpholine (1.5 mL) were added. The microwave tube was then sealed and heated under
microwave irradiation at 120°C for 2 hours. After reaction, 10 mL of water and 2 mL of a saturated
NH4PFs aqueous solution were added. The ethanol was removed under reduced pressure and the
resulting solid was recovered by filtration and washed with water, small amounts of ethanol, and
diethylether. The product was obtained as a red powder (280 mg, 88%).
'"H NMR (400 MHz, CD3CN): 8 9.00 (s, 2H), 8.78 (s, 2H), 8.64 (d, J = 8.1 Hz, 2H), 8.51 (d, J =
2.0 Hz, 2H), 8.36 — 8.27 (m, 2H), 8.12 (dd, J = 12.8, 8.3 Hz, 2H), 7.95 (td, J = 7.8, 1.5 Hz, 2H),
7.36 (d, J = 5.0 Hz, 2H), 7.28 — 7.17 (m, 4H), 7.12 (dd, J = 6.0, 2.1 Hz, 2H), 4.19 (ddd, J = 8.2,
7.1,2.8 Hz, 4H), 1.75 (s, 9H), 1.38 (d, /= 7.0 Hz, 6H), 1.31 (s, 18H). HRMS (ESI-MS) m/z: [M-
PF¢]" Calcd for Cs2HsoFsNsO3P2Ru 1093.3071; Found 1093.3017.

[Ru(ttt)(tpy-CsHs-PO3H2)|**.2PFs “RuT”. [Ru(ttt)(tpy-CsHs-PO3Et)]*".2PFs (330 mg,
0.266 mmol) was dissolved in 25 mL of CH3CN. Trimethylsilylbromide TMSBr (180 uL, 1.34
mmol) was added and the mixture was stirred at 70°C under an argon atmosphere for 24 hours.

After reaction, the mixture was brought to room temperature and 5 mL of methanol was added.
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The resulting solution was stirred for 30 minutes and evaporated to dryness under reduced pressure.
The residue was washed with small amounts of cold CH3CN and diethylether to obtain the title
compound as a red powder (297 mg, 94 %).

'"H NMR (400 MHz, CD30D): § 9.31 (s, 2H), 9.08 (s, 2H), 8.90 (d, J = 8.1 Hz, 2H), 8.79 (d, J =
2.0 Hz, 2H), 8.42 (dd, J = 8.0, 3.1 Hz, 2H), 8.16 (dd, J = 13.1, 8.0 Hz, 2H), 8.01 (td, /= 7.9, 1.5
Hz, 2H), 7.50 — 7.42 (m, 2H), 7.37 (d, J = 6.0 Hz, 2H), 7.32 — 7.22 (m, 4H), 1.81 (s, 9H), 1.35 (s,
18H). HRMS (ESI-MS) m/z: [M-(PFs),]*" Caled for C4gHsiNsO3P1Ru 446.1402; Found 446.1389.

4’’-(4,4’-dimethyl-triphenylamine)-terpyridine (tpy-TPA): 4-(di-p-

tolylamino)benzaldehyde (1g, 3.66 mmol) and 2-acetylpyridine (752 pL, 6.70 mmol) are placed in
17 mL of absolute ethanol. The mixture is stirred and KOH (520 mg, 9.27 mmol) as well as
ammonium hydroxide (28%, 9.7 mL) are added. The reaction mixture is stirred at room
temperature for 24 hours. After reaction, the mixture is filtered, washed with cold ethanol and
diethyl ether. The product is finally obtained as a yellow powder (1.3 g, 72 %).
'"H NMR (400 MHz, CDCI3): & 8.78 — 8.71 (m, 4H), 8.68 (d, J = 8.0 Hz, 2H), 7.90 (td, /= 7.7, 1.8
Hz, 2H), 7.78 (d, J = 8.7 Hz, 2H), 7.36 (ddd, /= 7.6, 4.8, 1.2 Hz, 2H), 7.11 (dd, J = 8.6, 2.5 Hz,
6H), 7.05 (d, J = 8.5 Hz, 4H), 2.34 (s, 6H). HRMS (ESI-MS) m/z: [M+H]" Calcd for C3sH29N4
505.23922; Found 505.23842.

[Ru(tpy-CsH4-PO3EL:)(tpy-TPA)]**.2PFs. [Ru(PO3Et:-CeHs-tpy)Cl3] (130 mg, 0.2

mmol) and 4’-(4,4’-dimethyl-triphenylamine)-terpyridine (tpy-TPA) (106 mg, 0.21 mmol) were
place in a microwave tube. Ethanol (14 mL) and N-ethylmorpholine (1.2 mL) were added. The
microwave tube was then sealed and heated under microwave irradiation at 120°C for 2 hours.
After reaction, 10 mL of water and 2 mL of a saturated NH4PFs aqueous solution were added. The
ethanol was removed under reduced pressure. The mixture was then centrifuged and the precipitate
was washed with water. This procedure was repeated twice. The solid was then dried under vacuum
to give the title compound as a red powder (240 mg, 89%).
'"H NMR (400 MHz, CD3CN): 8 9.03 (d, J = 6.1 Hz, 2H), 8.93 (d, J = 5.8 Hz, 2H), 8.63 (dd, J =
10.3, 8.2 Hz, 4H), 8.32 (dd, J = 8.3, 3.5 Hz, 2H), 8.13 (dd, J = 12.8, 8.2 Hz, 2H), 8.07 (d, /= 8.8
Hz, 2H), 7.98 — 7.90 (m, 4H), 7.46 (d, J = 5.6 Hz, 2H), 7.40 (d, J = 5.9 Hz, 2H), 7.25 (d, J = 8.1
Hz, 4H), 7.22 — 7.12 (m, 10H), 4.19 (tdq, J = 10.2, 6.0, 3.1 Hz, 4H), 2.37 (s, 6H), 1.37 (t, J="7.0
Hz, 6H). HRMS (ESI-MS) m/z: [M]" Calcd for CsoHs2N703P2FsRu: 1196.25545; Found
1196.26098
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[Ru(tpy-CsHs-PO3Hy)(tpy-TPA)|** “RuTPA”. [Ru(tpy-CsHs-POsEt)(tpy-TPA)]*".2PFs (60
mg, 0.045 mmol) was dissolved in 5 mL of acetonitrile. Trimethylsilyl bromide TMSBr (18 pL,
0.134 mmol) was added and the mixture was stirred at 70°C under an argon atmosphere for 24
hours. After reaction, the mixture was brought to room temperature and 1 mL of methanol was
added. The resulting solution was stirred for 30 minutes and evaporated to dryness under reduced
pressure. The residue was washed with small amounts of cold acetonitrile and diethylether to obtain
the title compound as a red powder (45 mg, 87 %).

'"H NMR (400 MHz, CD3CN): § 9.06 (s, 2H), 8.93 (d, J= 6.1 Hz, 2H), 8.74 — 8.54 (m, 4H), 8.24
(d, J=47.1 Hz, 4H), 8.06 (dd, /= 8.8, 3.2 Hz, 2H), 8.00 — 7.80 (m, 4H), 7.43 (dd, /= 16.1, 5.6
Hz, 4H), 7.25 (d, J= 8.0 Hz, 4H), 7.16 (dd, J = 15.7, 8.1 Hz, 10H), 2.38 (s, 6H). HRMS (ESI-
MS) m/z: [M]** Calcd for CssHasN7O3P1Ru 497.61433 (1031.2478); Found 497.61565.
Associated Content
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