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ABSTRACT: A ruthenium polypyridyl chromophore with elec-
tronically isolated triarylamine substituents has been synthesized
which models the role of tyrosine in the electron transport chain in
Photosystem 1. When bound to the surface of a TiO2 electrode,
electron injection from a Ru(ll) Metal-to-Ligand Charge Transfer
(MLCT) excited state occurs from the complex to the electrode to
give Ru(Ill). Subsequent rapid electron transfer from the pendant
triarylamine to Ru(lIl) occurs with an observed rate constant of
~10%° st which is limited by the rate of electron injection into the
semiconductor. Transfer of the oxidative equivalent away from the
semiconductor surface results in dramatically reduced rates of back
electron transfer, and a long lived (t = ~0.5 ms) triarylamine radical
cation that is used to oxidize hydroquinone in solution.

In photosystem 11, chlorophyll P680 is excited followed by the
transfer of electrons through a series of redox intermediates to give
a reduced quinone and oxidized tyrosine. The electrons are even-
tually transferred to Photosystem | where they are used in the pro-
duction of NADPH while the oxidized tyrosine is the oxidant that
activates the oxygen evolving complex (OEC).! The electron
transport chain consists of a series of redox couples that spatially
separate charges generated by light absorption with minimal energy
loss with charge separated lifetimes that are sufficiently long to ac-
commodate relatively slow water oxidation at the OEC.

In the electron transport chain in photosystem 11, electron trans-
fer occurs from tyrosine Z (Y-) to oxidized chlorophyll P680. There
is evidence that suggests that the oxidation of Yz is coupled to pro-
ton transfer.>> Oxidation of Y, with concurrent proton transfer to
the base His190, creates a transiently stabilized redox intermediate
that is sufficiently long-lived to activate the OEC through a com-
plete 4e/4H* water oxidative cycle.®7 Y; plays its role as a redox
shuttle by absorbing oxidative equivalents on a transient basis from
P680°*, avoiding decomposition of the radical cation.

The role that Y plays in the stepwise oxidation of water at the
OEC may also be important for water oxidation at photoanodes in
artificial photosynthesis. Although there is precedence for phenols
serving as traps for oxidative equivalents,®'2 and a phenol-based
trap has been shown to enhance water oxidation,#> the magni-
tudes of their redox potentials and a lack of aqueous stabilities have,
so far, limited their usefulness for water oxidizing photoanodes.
Balancing the thermodynamics in a process involving both elec-
trons and protons for artificial photosynthesis remains a formidable
challenge.

An alternative to phenols are triarylamine (ArsN) donors. They
offer well-defined ArsN*° couples and relatively well-understood

electrochemistry in non-aqueous solvents.'®-?7 In the family of
ArsN donors, there is a systematic basis for modulating redox po-
tentials allowing them to overlap with the requirements for activat-
ing water oxidation catalysis,'6-1%25-27 although there are only lim-
ited results in aqueous solutions.?® Barriers to electron transfer are
also low; bis-triarylamines have been used to demonstrate fast in-
tervalence charge-transfer with rates that imply that electron trans-
fer self-exchange rates in solution for ArsN species should be dif-
fusion limited.?® Triarylamines are colorless and not parasitic light
absorbers. Upon oxidation, triarylamine radical cations have dis-
tinct spectral features in the low energy visible that provides a use-
ful spectroscopic probe of electron transfer.30:3!

There are reports of Ru(ll) polypyridyl complexes with pendant
donors. Bignozzi and G. Meyer showed that Ru(ll) polypyridyl
photosensitizers with phenothiazine substituents improved charge
separated lifetimes.3? A chromophore featuring both triarylamine
donors and an anthraquinone acceptor has been shown to result in
a transient charge-transfer state with a lifetime of 870 ns following
MLCT excitation.3®  Surface-bound ruthenium dyes linked to
Ar2Ar’N groups through an unsaturated bridge have exhibited elec-
tron recombination lifetimes from 350 ps to 5 ms depending on the
nature of the Ar2Ar’N derivatives.3 Light absorption by another
Ru(1l) chromophore, bound to an extended oligomer of ~100 TPA
units linked by a saturated backbone, leads to a very long-lived re-
dox-separated state with a lifetime of 4 .3 Species containing mul-
tiple amine substituents have been used to show that multiple oxi-
dative equivalents can be accumulated at a common site.35%¢ Re-
ports have also appeared that investigate the role of thermodynam-
ics, kinetics and photophysics on electron transfer reactions be-
tween surface-bound Ru®* and triarylamines in solution and on sur-
faces_25,31,37

With the goal of utilizing triarylamines for the transient storage
of oxidative equivalents in photo-induced electron transfer reac-
tions in water oxidation, we have initiated a systematic investiga-
tion of the Ru(ll) polypyridyl complex P.RUTPAZ* shown in Fig-
ure 2 and its analog that lacks phosphonic esters, RUTPAZ?*.In these
experiments, we have sensitized electrodes using phosphonate es-
ters rather than the corresponding phosphonic acids for solubility
reasons. Phosphonic esters are known to form stable surface bonds
to metal oxides and the mode of binding to the surface may not
involve hydrolysis to the corresponding phosphonic acid.3®

The electrochemical properties of RUTPA?* were investigated
by cyclic voltammetry in acetonitrile containing 0.1 M
[nBuaN][PFs] as electrolyte. Reversible waves were observed at
E12 = 0.46 and 0.89 V vs Fc*’0, for the Ar2Ar’N*+/° and Ru3*/2* cou-
ples, respectively (Figure S1). A broad, irreversible wave at 0.75 V
vs Fc*® was also observed for the Ar2Ar’N2*/** couple (Figure S1).
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Peak currents for the Ar2Ar’N*/0 wave were twice that for the
Ru3*2*couple, consistent with oxidation of the triarylamines at a
single potential separated by a statistical factor demonstrating that
they are electronically isolated.

| | | | | | | |
16 14 12 10 08 06 04 02
Potential (V vs NHE)

Figure 1. Cyclic voltammograms of P.RUuTPA?* adsorbed on FTO
glass in 0.1M HBFa. (Red) First scan to 1.2 V vs NHE. (Blue)
Second scan to 1.7 V vs NHE.

Aqueous surface electrochemistry was explored by adsorbing
P.RUTPAZ" on conductive, FTO glass electrode surfaces. Under
aqueous conditions (0.1 M HBFa), the ArzAr’N*/© wave is reversi-
ble with Ex2 = 1.02 V vs NHE (Figure 1, red trace). Scanning to
more positive potentials provides evidence for additional waves
(Figure 1, blue trace). A second, irreversible, oxidation of Ar2Ar’N
is observed at Epa = 1.38 V vs NHE with a reversible Ru3*2* wave
with Ex2 = 1.46 V vs NHE (Figure 1, blue trace). After scanning
past the Ar2Ar’N2+* wave, reduction of ArzAr’N*® to Ar2Ar’NC is
no longer observed, pointing to irreversible oxidation of the tri-
arylamine donor. In order for the Ar2Ar’N groups to function ef-
fectively as part of photoanodes for water oxidation, the
ArAr’N** couple should provide sufficient driving force to acti-
vate a water oxidation catalyst and be kinetically capable of reduc-
ing an oxidized photosensisitizer.

When bound to a mesoporous, nanoparticle TiO2 semiconductor
electrode (4 um, 15 nm particles) and excited with visible light,
P2RUTPAZ* undergoes a series of electron transfer reactions. The
reactions are summarized in eq 1-3 and illustrated in Figure 2. In
the initial step, the MLCT chromophore is excited (eq 1) and an
electron is injected into TiO2 (eq 2). Injection gives the oxidized
form of the complex, Ru(l1l). Rapid reduction of Ru(lll) to Ru(ll)
follows with transfer of an oxidative equivalent to an external
ArzAr’N amine (eq 3). The sequence of electron transfer reactions
is shown by the half arrows in Figure 2.

Figure 2. P2RUTPAZ?* bound to a TiO2 semiconductor. The blue
half-arrows illustrate the electron transfer reactions in eq 1, 2, and
3.

TiO, | [P,Ru"TPAJ* ——TiO, | [P,Ru"TPAJ*" (1)
TiO, |[P,Ru"TPA]"" ——TiO,(e") |[P,Ru"TPA"  (2)
TiO, (e") |[P,Ru"TPAP ——TiO,(e") |[P,Ru"TPA"T" (3)

Electron injection from the excited state into TiO2 occurs on the
picosecond time scale and is followed by electron transfer from a
pendant Ar2Ar’N to Ru(ll1). Electron injection occurs with a rate
constant of k = 1.2(3) x 10'° 5%, based on single exponential fits to
absorption-time traces at 385 nm (Figure S2). The rate of injection
is similar to rates observed for related Ru(ll) chromophores that
lack the Ar2Ar’N substituents.®®*#! However, for molecules on
TiO2 without the Ar2Ar’N substituents, the MLCT bleach persists
for microseconds with back electron transfer to Ru(l11) occurring
on the microsecond timescale. For P2RUTPA?*, recovery of the
bleach is rapid with injection followed by electron transfer to
Ru(Ill) from a pendant Ar2Ar’N group. Electron transfer from
Ar2Ar’N to Ru(lll) can be monitored by recovery of the ground
state bleach at 450 nm and by the appearance of the Ar2Ar’N** rad-
ical cation at 690 nm. The first-order kinetics observed with rate
constants of 1.1(2) x 10° s at 450 nm and 9(1) x 10° s** at 690 nm
are consistent with rate-limiting electron injection followed by
rapid intra-assembly electron transfer.

ACS Paragon Plus Environment



Page 3 of 5

oNOYTULT D WN =

Journal of the American Chemical Society

A Absorbance

1
N
o
<
A
o

450
Wavelength (nm)

500

Figure 3. Transient absorption spectral changes between 0 (red)
and 1.5 ns (purple) after pulsed 470 nm excitation (120 nJ/pulse) of
P2RUTPAZ* on TiO2 in argon purged, agueous 0.1 M HBF..
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Figure 4. Nanosecond transient absorption spectra showing oxi-
dized Ar2Ar’N* in P2RUTPA?* on TiOz in 0.1 M HBF4 (aqueous)
following pulsed 532 nm laser excitation (2 mJ/pulse).

On the nanosecond time scale, an absorption at Amax at 700 nm
appeared immediately following excitation of P.RUTPAZ" con-
sistent with appearance of the radical cation Ar2Ar’N*, Figure 4.
The lifetime of the transient, TiO2z(e’)|-[P2Ru'' TPA*]%*, was ~0.5
ms demonstrating that spatially removing the oxidative equivalent
from the electrode dramatically reduces the rate of back electron
transfer.

Electron transfer from Ar.Ar’N to Ru®* following visible excita-
tion of P2RUTPA?* occurred with high efficiency. With an incident
photon flux of ~18 nmol/cm?, determined by actinometry with
Ru(bpy)s?* in acetonitrile as the actinometer, the internal quantum
efficiency for formation of TiO2(e)|-[P2Ru'"TPA*]?* based on ab-
sorbance at 50 ns time delay was ~60%.

Photoexcitation of P2RUTPA?* was also explored on ZrO2 (Fig-
ure 5). ZrOz2 films provide a chemical environment similar to TiO2
but without electron transfer to or from the electrode. Analysis of
the emission spectrum of P.RUTPAZ" by single-mode Franck-
Condon line shape analysis (Figure S7) in 0.1 M aqueous HBF4
gave 2.12 eV for the free energy of the excited-state above the
ground state. Based on the excited-state energy and E® =-1.82 V vs

Fc*0 (~ -1.18 V vs NHE) for the P.RUTPAZ2** couple in acetoni-
trile, E%is 0.94 V vs NHE for the P.RUTPAZ"** excited-state cou-
ple. Based on this value, the potential difference between the
P2RUTPAZ*"* and Ar2Ar’N*/0 couples is relatively small. The re-
sults of transient nanosecond flash photolysis measurements in Fig-
ure 5 provide evidence that following nanosecond excitation of
P2RUTPAZ on ZrOo, both of the states, [PP-Ru""'"TPA]J?* and [PP-
*Ru''TPA*]?*, exist on the electrode surface.

Figure 5 illustrates the results of a flash photolysis experiment
following 10 ns, 532 nm flash excitation of the complex on ZrOz in
aqueous 0.1 M HBFa. In the transient spectrum, there is clear evi-
dence for the MLCT excited state, |-[PP-Ru''"TPA]?, by the
MLCT transient bleach feature at 460 nm. There is also evidence
for the intra-assembly electron transfer intermediate |-[PP-
*Ru''"TPA*]?*, by the positive absorption feature at 700 nm, eq 4.
Based on relative molar extinction coefficients at 475 nm for the
bleach, and at 700 nm for the cation radical, the ratio of [PP-
‘RU''"TPA*]?* to [PP"Ru'"TPA]?, was ~1:4 after 20 ns with lu-
minescence also observed for ZrOa-[PP-Ru"'TPAJ*". The
weighted average lifetime for decay of biexponential kinetic fits of
the ground state bleach at 460 nm for ZrOz|-[PP-Ru''"TPA]?* was
125 ns and for decay of the amine-based state, ZrO2|-[PP-
RU"TPA*]?*, 437 ns.

Zr0-[P2RU'"TPA]?* hv — ZrOa-[P2RU'"TPAJ* —
ZrOs-[PPRu'TPA*]2** (~20%) +
Zr0z-[PPRu'"TPAJ?* (~80%) (4)
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Figure 5. Transient absorption difference
P2RUTPAZ on ZrOz in aqueous 0.1 M HBFa.

As a proof of the transient redox storage concept, oxidative
equivalents stored on the Ar2Ar’N* groups on TiO2 were also
shown to oxidize hydroquinone dissolved in the external electro-
lyte. When P.RUTPA?* was loaded on mesoporous FTO|TiOz elec-
trodes, photocurrents of ~500 pAscm-2 were obtained under 1 sun
illumination in aqueous 0.1 M HBF4 solutions containing 60 mM
hydroquinone (Figure 6). The photocurrent was sustained at the
~500 pAscm? level for one hour.

spectra for
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Figure 6. (red)Photocurrents for FTO|[TiOz| P2RUTPA?* in 0.1 M
HBF4 containing 60 mM hydroquinone and without hydroquinone,
(black).

The new ruthenium(I1) polypyridyl dyes, with electronically iso-
lated triarylamines, offer a well-defined molecular geometry and a
well-defined stoichiometric relationship between the amines and
the ruthenium complex. Their greatly decreased back electron
transfer timescales, following excitation and intra-assembly elec-
tron transfer, may assist in the catalysis of multiple electron transfer
reactions such as water oxidation. In these schemes, rapid reduction
of Ru(lll) to Ru(ll) may also enhance catalyst lifetimes by mini-
mizing the time spent as Ru(l11), avoiding catalyst instability at the
higher oxidation state in electrode applications.*
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The Supporting Information is available free of charge on the ACS
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