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The previously observed facile photooxidation of Ru(kpyjo Ru(bpy}** in oxygenated solutions of 9 M
H,SO, (Kotkar, D; Joshi, V.; Ghosh, P. KKhem. Commurnl987, 4; Indian Patent No. 164358 (1989)) is
further studied. A similar phenomenon was observed with Ru(ghebiit not with Ru(bpy)bpy-(CO:H),J?".

The reaction is strongly dependent on acid concentration, with a sharp change in the regioh Mf 2,-

SQOy. The quantum yield of Ru(bpy)™ formation n 9 M H,SQ, is close to the quantum yield of steady-state
luminescence quenching by, @Photooxidation is accompanied by near-stoichiometric formation,0% lds
reduced product. Chromatographic, spectroscopic, electrochemical and optical rotation studies reveal that
Ru(bpy)}?" survives the strongly acidic environment with little evidence of either any change in coordination
sphere or ligand degradation, even after repeated cycles of photolytic oxidation followed by electrolytic
reduction. The high quantum yield and selectivity of the reaction is ascribed to (i) predominance of the electron
transfer quenching pathway over all others and (ii) highly efficient trapping,of &y H* followed by rapid
disproportionation to kD, and Q. These are likely on account of the high ionic strength of the medium
which favors the required shifts in the potentials of th#@~ and Q/H,O, couples. Upon storage of the
photooxidized Ru(lll) solution in dark, partial recovery of Ru(bgy)occurs gradually. Studies with the
electrooxidized complex over a range of acid concentrations indicate that R(tpykegenerated by reaction

of Ru(bpy)}** with H,O,. The reaction is promoted by increasing concentrations eDfHand inhibited by

[O7] and [H]. The fraction of Ru(lll) remaining after the reverse reaction is allowed to plateau in solutions
of varying acid concentrations follows a similar trend to that found after attainment of steady state in the
photooxidation reaction, although in all cases the forward reaction produces more Ru(lll) than what remains
in the reverse reaction. These observations are consistent with the following equation 2Ru(p®) +

2H* —(hv)/—(dark) 2Ru(bpy3** + H,0, for which the equilibrium constant has been computed. Light helps
overcome the activation barrier of the forward reaction by driving it via *Ru(#pypand to the extent that

the photooxidation is driven past the equilibrium, there is conversion of light energy in the form of long-
lived chemical products. Spectroscopic evidence rules out any significant shift in the redox potential of
Ru(bpy)**2*, suggesting thereby that,8, is much more stable in the more strongly acidic medium and
less capable of reducing Ru(bp¥) unlike at higher pH.

Introduction D™ p* (1a)

Photoinduced charge separation involving metal complexes * ot A
in solution is a widely studied field of research in view of its D*+A—[D"AT] (1b)
fundamental importance and potential application for conversion [D+--~A7] —D+A (1c)

e o o o b e T phoocheristy of RuCeSY (bpy = 2.2-tipyrdin) anc
pp ay related complexes have been at the center stage for many

A principal factor that can limit the practical utility of photore- years¥5 owing to their unique combination of attractive

dox reactions-more so in solutiofris the deleterious back . h hiah th | h hemical i
electron transfer within the geminate pair, as shown in eq 1c properties such as high therma .and photochemical stability,
' ' strong absorption in the visible region=€ 1.4 x 10* M~ cm?

where D and A represent donor and acceptor spédiés. for Ru(bpy)2* at 450 nm), moderately long-lived-(0.6 us)
triplet excited state generated through intersystem crossing, and

. Central Salt & Marine Chemicals Research Insfitute. ability to undergo both reductive and oxidative electron-transfer
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s Radiation Laboratory. processed.Indeed, Ru(bpyf* has been utilized in numerous
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been achieved in slowing down the back reaction in interfacial
systems,® and also through judicious selection of reactions
which fall within the Marcus “inverted region’” but the need

Das et al.

recently by Zhang and Rodge¥sClearly, eq 4 is implicated
and the back reaction of eq 6 is efficiently suppressed. Herein
we report our further investigations of the reaction stoichiometry,

for sacrificial agents remains, especially to realize high quantum thermodynamics, and mechanistic pathway.

yields® An attractive scheme for the splitting of water employing

Ru(bpy)?+ as photocatalyst is depicted in egs 2 and 3. Such a Experimental Section

scheme is thermodynamically feasible and

*Ru(bpy)”" + H" — [Ru(bpy),”"++-H] —
Ru(bpy)>" + ,H, (2)

Ru(bpy)>" + Y,H,0 — Ru(bpy)*" + 7,0, + H" (3)

represents an uphill conversion of light energy into useful
chemical energyAG for eqs 2 and 3= —0.44 eV and—0.45
eV, respectively, at pH 7, whil&AG for the overall water
splitting reaction, i.e.,H,0 — /,H, + 1/,40,, is 1.23 eV)?
Indeed, the half-
by numerous investigators but the overall goal of water splitting

Reagents.Ru(bpy}Cl»-2H,O and other Ru(ll) derivatives
were synthesized following published proced#&* Enanti-
omers of Ru(bpy™ were resolved by the method described
previously!® Ru(bpy)®t was prepared either through electro-
chemical oxidation or by chemical oxidation with PH®
Methyl viologen (as dichloro salt) was procured from Aldrich
and used as received. All other reagents used were of reagent
grade, and doubly distilled water was used throughout. The
strength of the KO, solution was determined by titrimetric
method using freshly prepared standard KMrgdlution.

Instrumentation. UV—vis spectra were recorded on a
Pye-unicam model SP8L00 or Shimadzu UV-3101PC spec-

cell reactions have been studied successfullyyqphotometer and steady-state luminescence measurements were

conducted on a Perkin-Elmer LS-50B spectrofluorimeter. Optical

has remained elusive because of the multielectron processesatation values were measured at the sodium D line using a
involved, unfavorable energetics of intermediates, and mismatchJASCO DIP 140 digital polarimeter. HPLC studies of photo-

of the reaction rates within the two half-ce¥st3 Thus, even if

lyzed and control solutions of Ru(bpyy were conducted on a

the geminate pair in eq 2 were to form, the back electron processyqqel 6000A Water's instrument, with model 481 solvent

would be inevitable due to the absence of stabilization of the delivery system, UV-vis detector, and model 730 data module
transient hydrogen radical and the slowness of reaction 3,which sing a G, column and the method describBdH NMR spectra ’

proceeds in the millisecond-to-second time scale even in theere recorded on a Bruker-80 spectrometer, elemental analysis

presence of catalysts such as cobaltous ion and oxides of,

ruthenium and iridiun$:1+-15

While most of the above work with Ru(bpy) has been
carried out under anaerobic conditions, several laboratories
including ours, have been interested in investigating the
photochemistry of *Ru(bpy§" in the presence of oxygen.
Oxygen is among several molecules which exhibit high ef-
ficiency toward quenching of *Ru(bpy)" in aqueous solution
(kg = 3.3 x 10° M1 571).316 Much of this work has focused
on the issue of charge transfer (CT) vs energy transfer (ET) in
this system (eqs 4 and 5y.18 Both processes are energetically
possible AG°ct = —0.72 eV;AG%t = —1.17 eV in KO at
pH 7.0)%16Lin and Sutin were the first to suggest that quenching
occurs via the electron-transfer pathw&§while Winterle et
al. demonstrated that photolysis of a solution containing Ru-
(bpy)s2™, Oo, and Fe(ll) in acidic solutions leads to formation
of Fe(lll), which presumably involves such an electron-transfer
pathway!’ Miller et al. proposed that the back electron-transfer
process (eq 6) yields singlet oxygehg),*®¢ although this
possibility was subsequently discounted by Mulazzani é%2al.

*Ru(bpy)y”" + O, — Ru(bpy)*" + 0, @)
*Ru(bpy)y’” + O, — Ru(bpy)*" +0,(*A)  (5)
[Ru(bpy)**++* 0,1 — Ru(bpy)’" + O, (*A;)  (6)

was performed on a Carlo Erba elemental analyzer (model
1106), and IR spectra were recorded on a Perkin-Elmer
instrument. Cyclic voltammograms were recorded on a CH660A
'instrument, using a three electrodes cell assembly comprising
a glassy carbon working electrode, a Pt counter electrode and
Ag—AgCI reference electrode, while bulk electrolysis was
carried out using a cylindrical Pt-mesh working electrode.
Viscosity measurements of acid solutions were made using an
Ostwald viscometer.

Photocurrent Measurements.Photocurrents were recorded
on a multimeter fitted to Pt gauze electrodes % cn? total
area of each electrode) in the two half-cells. Fine glass frits
separated the half-cells, and a buffer compartment (containing
4.5 M H,SQy) further ensured minimum contamination of the
half-cells.

Lifetime and Transient Absorption Measurements.Nano-
second laser flash photolysis experiments were performed using
532 nm (second harmonic) laser pulseés(ns laser width) from
a Quanta Ray model CDR-1 Nd:YAG laser system for excitation
in the experiments of Figures 7 and®.PThe laser output was
suitably attenuated to about 20 mJ/pulse and defocused to
minimize the multiphoton process. The experiments were
performed in a rectangular quartz cell of 6 mm path length with
a right angle configuration between the direction of laser
excitation and analyzing light. The photomultiplier output was
digitized with a Tektronix 7912 AD programmable digitizer. A
typical experiment consisted of a series of 5 replicate shots/

Instead, they proposed that singlet oxygen is formed via direct single measurement. The average signal was processed with an
energy transfer (eq 5). As indicated above, energy transfer isLSI-11 micro processor. A Spectra Physics model PR0230 laser

thermodynamically the preferred pathway at pH 7.

In the course of our studies with optically active Ru(kgV)
which necessitated handling of the complex in strongly acidic
aqueous mediurf, 2! it was observed that the color of the
solution readily converts from orange-yellow to green when left

unattended on the laboratory bench. Control experiments

system (355 nm, 10 ns pulse width, 40 mJ/pulse) was used in
the experiment of Figure 9. The average signal was processed
with a Le Croy digitize> Luminescence lifetimes of
*Ru(bpy)?" were also measured on the above instrument using
355 nm laser pulse excitation and 650 nm detection.
Quantum Yield Measurements. Quantum vyield of the

established the role of light and oxygen in this process. Thesephotooxidation reaction was estimated through comparative
observations and some preliminary conclusions were reportedstudies with the EDTA/Ru(bpy™/MV2+ (MV2" = methyl

by us previously?? and similar observations were reported more

viologen) system, for which the absolute quantum vyield for
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MV ** formation via eqs #9 has been reporteg(~ 0.30 for

[Ru(bpy)?'] = 0.04 mM, [MV2"] = 2.0 mM, [EDTA] = 30 ‘J\ *
mM; pH ~ 5.0)3 5 | ot orr oa
RU(bpY);2+ l *RU(bpy)32+ (7) <§Lo-
o 1.2 : -03
*Ru(bpy)y”" + EDTA — g ot o
<L L
Ru(bpy)g+ + decomposed product of EDTA (8) ?; [ *
A
Sos 02
Ru(bpy)” + MVZ"— Ru(bpy)?" + MV (9)
The experiments were conveniently carried out in cuvettes 04 o

suitably adapted to allow purging with nitrogen/oxygen gas and
which could be placed directly in the absorption spectropho-
tometer for monitoring the extent of reaction (change of
Ru(bpy)}?*" concentration in the case of the photooxidation
reaction and formation of the blue M¥radical ion in the case
of the_ sacrificial System). The Ru(b[_:g% _Concentrations (0.04 Figure 1. Absorption spectral changes for a solution of X.2074M
mM) in both experiments were maintained the same and carery(bpy)?* in 9 M H,SQx. (a) freshly prepared Ssaturated solution
was taken to ensure that both cuvettes “see” the same intensityin dark, (b) after exposure to bright sunlight, and (c) when an equivalent
of sunlight. The duration of illumination was maintained such amount of ferrous ammonium sulfate was added to the solution in (b)
that < 30% of the Ru(bpyf* is converted to Ru(bpyd™ in above. Inset shows the current vs ti_me plot fo_r x010°2 M
the photooxidation system. Typically, the exposure time to bright R“(bpyéfyl'” Ozl'sf"‘t“r%td 9 M_szSOIi with sequential photooxida-
sunlight was 16-15 s. (Saturation effects introduced error in tion and electrolytic reduction in dark.
measurement if we extend the photolysis for a longer time.)
Estimation of H»O, Produced in the Photooxidation
Reaction. Experiments were conducted in a pear-shaped flas
fitted with a specially designed curved hollow stopper (in which
MnO, powder is placed to decompose®} into O,) and a
sidearm containing a stopcock capped at the end with a leak-
proof rubber septum. A thin polypropylene tubing was guided
through this septum into the flask bottom and was employed
for purging the solution. A narrow gauge needle inserted into
the septum served as gas outlet. The volume of the flask,
inclusive of the volume of the sidearm and hollow stopper, was
ca. 220 mL and a precise volume of 212 mL of solution was
taken in the flask each time so as to leave a free space of ca.
mL. In the first set of experiments, the evolution of oxygen gas
generated from decomposition obEh (in 9 M H,SOy) was
studied in the concentration range of 828 mM. In the second
set of experiments, oxygen evolution following addition of A 0.05-0.50 mM solution of Ru(bpyf" in O,-saturated
MnO, powder into the deaerated photolyzed solutions of acidic solution [9 M HSOs] changes color rapidly from
Ru(bpy}?" was studied, in the Ru(ll) concentration range;0.4  yellowish orange to green, when the glass test tube (ca. 1”
1.6 mM. Further details of the experiments are as follows: diameter) containing the solution is exposed to sunlight (Figure
H,0, in 9 M H,SQ,. Two hundred twelve milliliters of a 0.2 1). Similar observations were made with Ru(ph&h)phen=
mM solution was taken in the flask equipped with a magnetic 1,10-phenanthroline) whereas analogous changes were not found
stirrer and the stopper containing excess of solid Mm@s with Ru(bpy)(4,4-dicarboxy-2,2bpy?". The observation de-
carefully placed on the flask, taking care that the powder did scribed above was also made with Ru(kgydissolved in 17.4
not come in contact with the solution. The entire assembly was M HCIO,4 while there was only a partial change in color in 12
ensured to be leak proof. The solution was purged with helium M HCI. Complete reaction was found to be increasingly more
gas under stirring to eliminate all traces of. @he purge tube difficult at higher concentrations of Ru(bpyj. The absorption
and outlet were withdrawn from the flask and the stopcock spectrum of the green solution obtained from Ru(ghy)
closed. The Mn@powder was then gently tapped into the flask matches exactly the spectrum of Ru(kgy)generated either
and generation of gas bubbles could be observed. The solutionby bulk electrolysis or by chemical oxidation with Ph8
was allowed to stir fo2 h atroom temperature, after which a  Addition of an equimolar amount of ferrous ammonium sulfate
1 mL sample of the gas in the free space was taken in an airtightrestores instantly the original spectrum of the solution. Bulk
gas syringe and injected into the GC (HP 5890) instrument fitted electrolytic reduction of photooxidized solution (experiment
with a TCD detector and & 6< 1/8" molecular sieve column  conducted with 9.2 mL of 4.2 mM Ru(bpy)) also yields
(5 A) maintained at 50C. The sample injection volume was 1  similar results and the required number of coulom®s,{ =
mL. The injector, column, and detector temperatures were 70, 3.49 coulombs v¥Q.qc = 3.58 coulombs) matches that for
50, and 100°C, respectively, and the carrier gas pressure 20 1-electron reduction. Further, the oxidatiereduction cycle can
psi. The area of the Opeak was corrected for contamination be repeated several times without any noticeable irreversibility
from trace air (this was assumed to be one-quarter of the GC(see inset in Figure 1).

1 t 1

|
400 500 600 700 800
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area for the nitrogen peak). The same methodology was followed
K for other HO, concentrations investigated.

Photolyzed Solutions of Ru(bgd) in 9 M H,SQ,. Two
hundred twelve milliliters of 0.4 mM Ru(bpy" in 9 M H,-
SOy was used instead of 0.2 mM,8, in 9 M H,SO, and, as
before, the hollow stopper containing excess MpOwder was
carefully placed in the flask and the solution purged with oxygen
for 1 h under stirring, while avoiding exposure of the flask to
light. The solution was then irradiated until complete oxidation
of Ru(ll) was evident. Thereafter, the solution was purged with
helium and the procedure described above for 0.2 N+
89 M H,SOy was repeated. The same methodology was followed
for other Ru(bpy¥* concentrations investigated.

Results
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Figure 2. Absorption spectra of 1.6 104 M Ru(bpy)x?**in 1, 2, 3,

5, 7, and 9 M HSO, when exposed to sunlight in the presence ef O
Inset shows the steady-state concentration of Ru(lll) for the same
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Figure 3. Cyclic voltammograms of 2.4 10~3 M Ru(bpyxCl. in
Nz-purged solutions of 1, 3, 5, 7, dr® M H,SOy. Voltammograms
were recorded at 100 mV-kin the dark employing a glassy carbon
working electrode, a Pt wire counter electrode and Ag/AgCl reference.
The inset shows the plot &f vs (1#7)Y2, using they values obtained

at different acid concentrations.

Studies were also conducted on continuous illumination of
the solution in a divided cell, where the other compartment
contained T or F&" as reductant, and the electrodes of the two
compartments were connected via an external circuit. Beyond
a turnover number of 10, complete photooxidation of Ru(py)
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Figure 4. Plots of steady-state photocurrent aid (by cyclic
voltammetry) as a function of [}$0Oy. Steady-state photocurrent
measurements were performed using a divided cell as described in the
Experimental Section, a constant illumination source, and withx1.6
104 M Ru(bpy)?* in the cathodic compartment @i M Fe&* (in 1

M H,SQy) in the anodic compartment.

keeping all other variables constant) are plotted in Figure 4. As
can be seen from Figure 4, a photocurrent density @5 mA
cm~2 could be sustained with the highest concentration of acid
studied.

Spectral (UV-vis, 'H NMR and IR) data, liquid chromato-
grams, and cyclic voltammograms of a freshly prepared
Ru(bpy)?" solution and a solution subjected to five complete
cycles of photooxidation followed by electrolytic reduction in
a divided cell were found to be almost identical (Supporting
Information, Figure 1). Elemental analysis and optical rotation
data were also obtained on the above samples and the results
are comparablé’ The reduced product formed along with
Ru(bpy)®" in the photochemical reaction was investigated. As
shown in Figure 5, bD, is produced in near stoichiometric
yields at low concentrations of Ru(ll) while deviations are
observed at higher concentrations.

The luminescence lifetime{) values were similar{0.5us)
for Ru(bpy)}?" dissolved in degassed solutions of varying acid
concentration whereas the lifetime$ fneasured in @saturated

became increasingly difficult. The same system in the absencesolutions showed a systematic change with increasing acidity

of O, (removed by bubbling Ar through the solution), or when
kept in the dark for 72 h, or when the acid concentration is
reduced belw 1 M H,SO, does not show any change in

absorption spectrum, although at intermediate acid concentra-

tions partial oxidation of Ru(ll) is observed spectrophotometri-
cally (Figure 2). There is also no change in the optical rotation
value of aA-(—)p-Ru(bpy}?* solution (h 9 M HySQy) which
is stored in the dark for up to 7 day5.

Cyclic voltammograms of the Ru(ll) solutions as a function

(Table 1). Steady-state luminescence spectra of 5.1275 M
Ru(bpy)}?" in water andm 9 M H,SO, recorded under
saturated and £free environments are shown in Figure 6. The
peak luminescence intensity in,®aturated acidic solution is
quenched by ca. 30% whereas in water the extent of quenching
is ca. 70%. There was no detectable difference in the absorption
spectra of Ru(bpy}" recorded in water anchi9 M H,SOy
(Supporting Information; Figure 2). The quantum yield mea-
surements of Ru(lll) formation in £saturatd 9 M H,SO4

of acidity show a progressive decrease in the reduction potentialyielded values in the range of 0.28.28. Transient absorption

and peak currentg) with acid concentration, as shown in Figure
3. The inset shows the plot gfvs =2, wherey; is the viscosity

of the medium. Changes in the reduction potential and steady-

spectral measurements were also performed on this system. As
can be seen from the difference absorption spectrum in Figure
7 recorded immediately after a laser flash, 395 nm is the

state photocurrent density with acid concentration (measuredisosbestic point for the ground- and excited-state forms of the
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M. Only partial reaction is observed at lower acidities, with a
dramatic transition in the [(8Oy] range of 2-7 M, as shown
in Figure 2. Although our studies have focused o156k, the
choice of acid may not be criticabut its strength is-since
guantitative photooxidation could be effected in 17.4 M HEIO
as well. The oxidized complex can be reduced back to
Ru(bpy)?* quantitatively, either through the addition of reduc-
tants such as F¢ or electrochemically, and the cycle repeated
as evident from the inset of Figure 1. The negligible formation
of side products in the process is evident from the spectroscopic,
electrochemical, and HPLC data together with the elemental
analysis resultd’ Optical rotation measurements further support
the inertness of the Ru(ll) complex toward any form of
innersphere substitution reaction under the experimental condi-
tions used and confirm the outersphere nature of the observed
photoredox proces&:2’ The clean photooxidation of Ru(bpg)
% would necessarily have to be accompanied by the formation of
. ) a reduced product, which has now been identified g3,Hits
0 2 4 § 8 10 yield being close to quantitative for [Ru(bp¥j] < 0.4 mM
[Hzoz] x10°M (Figure 5). Poor sensitivity might have eluded earlier detection
of the species, leading us to speculate thaD Hs possibly
0zH02 , x=Ru(l) formed as the reduced prodi#é.This difficulty was overcome
Figure 5. GC area count vs concentration of®#/Ru(bpy)}?* for O, in the present work by maintaining a minimum gas space in
generated by addition of MnGnto solutions of HO, in 9 M H,SQ, the reaction flask (based on Henry’s laws= p/K, wherex is
(0) and in photolyzed solutions of Ru(bg¥) in 9 M H,SQ; (x). the mole fraction of @in solution,p is the partial pressure of
0O in the gas phase, aridl is Henry’s constantf = 3.30 x
Ru(ll) complex. Figure 8 shows the time-resolved absorbance 107 Torr in water]) which yielded a measurable @eak in the
changes recorded at the monitoring wavelengths of 395 and 650GC which was duly corrected for background oxygen.
nm, respectively, following pulsed laser excitation of Ru(ll) in The standard reduction potential of Ru(bgy®* is 1.26 V
O-saturatd 9 M H,SQy. The traces show irreversible bleaching vs NHE in water and the potential remains unaltered up to 1 M
of absorbance at 395 nm and absorption gain at 650 nm. SimilarH2SCQs. However, beyond this acid concentration, the peak
studies were performed over a range of acid concentrations andcurrent and reduction potential decrease dramatically with
the traces obtained at the monitoring wavelength of 395 nm increased acidity as evident from Figure 3 and TabR® 4.
are shown in Figure 9. The extent of bleaching varies with acid Concomitantly, the solution viscosity rises with acid concentra-
concentration and the process is irreversible up toi50vhich tion. The changes in peak current can be rationalized on the
is the longest time scale over which the transient measurementdasis of eq 10 (Pand Iy are the diffusion coefficients in media
could be performed. Unlike with Ru(bpy), no bleachingwas 1 and 2, respectively, whilg: and#, are the corresponding

[Rui1]x 10“M

500 4 |8 I'Z 16 20

S 8 8
T T Y
x
* -} -

Relative Peak Area on GC

S
T
x

observed with Ru(bpyj4,4-dicarboxy-2,2-bpy¥* in 9 M H,- viscosities) and eq 1h(s the number of electrons involved in
SOy. Indeed, the luminescence was not quenched at all by O the redox processh is the electrode area, and Dg are the
in steady-state experiments. concentration and diffusion coefficient, respectively, of the

When the photochemically oxidized ruthenium complex (in  €lectroactive species,is the scan rate¥, as can be seen from
9 M H,SQy) is stored in dark under ambient aerated conditions, the inset in Figure 3. The shifts in potential could

partial reduction to Ru(ll) is observed. An identical solution of D7, =D, (10)
Ru(bpy)?" in 9 M H,SOy, which is electrochemically oxidized
under a blanket of by undergoes negligible change when stored i) = 0_44631FACO(nF/R-DI/ZUIIZDOllz (11)

in the dark under aerated conditions for 4 h. However, upon

addition of a stoichiometric amount of,B,, the same extent  account for the more facile oxidation at higher acidities but are
of reduction is observed as found for the photochemically difficult to rationalize, given the lack of any corresponding
oxidized complex (Supporting Information; Figure 3). Table 2 changes in the ab;orptlon and luminescence spectra as also in
provides data on the effect of fffion the maximum observed ~ the measured optical rotation value of the(—)o complex.
extent of reduction of Ru(lll), keeping other parameters constant, Quantitatively, the shift observed for Ru(bp¥)* is 280 mvV
while Figure 10 shows a plot of these data. In 1, 5, and 9 M for increase in acid concentration from 1 to 9 M, which matches
H,S0, the time required for 25% reduction is ca. 0.25, 0.75, closely with the shift of ca. 290 mV found for the ferrocinium/
and 4 h, respectively. At the lower acid concentrations, further férrocene couple (Table 4). This suggests to us that the observed
reduction is observed over longer durations. Table 3 provides trénd is an artifact of unaccounted change in the junction
additional data on the effect of fpand [H,0]. As can be seen  Potential. For Ru(pheg)™>* and Ru(bpyx4,4-dicarboxy-2,2

from Tables 2 and 3 together, the reduction is inhibited by} [O bpy)3+’2.+, the corresponding shifts are 350 and 200 mV,
and [Hf] but promoted by [HO,]. respectively, indicating that the phen complex, after accounting

for junction potential, is more readily oxidizable in strong acid
whereas Ru(bpyj4,4-dicarboxy-2,2-bpyY" becomes even
Discussion more difficult to oxidize in strong acid than in water. This could
explain the inertness of the latter to photooxidatior®iM H,-
Photooxidation. Figures 1 and 2 indicate that Ru(bg?/) SO
undergoes quantitative 1-electron photoinduced oxidation to  Results of the luminescence studies (Figure 6) indicate a
Ru(bpy}®* (eq 4) in oxygenated solutions, whens0y] = 7 maximum quantum vyieldg, of 0.30 for the quenching of
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TABLE 1: Lifetime Measurements of *Ru(bpy)s?" as a Function of Acid Concentratiort
[H2SOy] (M) 70(N2-purged) s) 7 (O2-purged) ) Nrel ko [To/T]obs [to/T]cald
0 0.520 0.166 1 3.3& 10 3.13 3.19
1 0.491 0.196 2.50
2 0.522 0.208 2.51
3 0.547 0.238 1.79 1.84 10° 2.30 2.29
5 0.549 0.290 2.53 1.30 10° 1.89 1.91
7 0.531 0.354 3.82 8.64 10° 1.50 1.59
9 0.522 0.398 5.90 5.59 10° 1.31 1.37

a Solutions containing 0.16 mM Ru(bp§y. ° [to/T]cac = 1 + koTo[O2]sas With [O]sar= 1.28 mM for all acid concentrations.
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Figure 7. Difference absorption spectra of an-€aturated solution

of 2.0x 1074 M Ru(bpy}?** in 9 M HSQ, recorded after time intervals ~ Figure 9. Plots of AA vs time for 0.16 mM Ru(bpy$* in H,SO,

of (a) Ous, (b) 0.156us, (c) 0.39us and (d) 2.34s. The excitation solutions of varying molarity. The excitation and monitoring wave-
wavelength and radiation dose were 532 nm and 15 mJ, respectively.lengths were 355 and 395 nm, respectively, and the dose level was 40
The apparent bleaching in the long wavelength regie650 nm) is mJ/pulse.

due to luminescence.

are shown in Table 1. Using eq 13 beléhand assuming [&)
remains constant at all acid concentrations studieg] fO1.28

mM in water at a

*Ru(bpy)?t by O, in Oy-saturatd 9 M H,SO, whereas the
value is considerably higher in watef € 0.70). The quenching
has been reported to be diffusion-controlled in water, wih

= 3.3 x 10° M~1 571316 On the basis of egqs 10 and 1RA
andDg are the diffusion coefficients of the two reactant species,
B is the reaction radius and, the Avogadro’s numberf and

7/t =1+ ko7 [O4]

partial pressure of 760 Torr anid= 298 K)32 values ofry/t

have been computedr{fz]ca and tally closely with the values
([To/t]ony Obtained from luminescence lifetime measurements
(Table 1). Therefore, [@sacan be taken as 1.28 mM for all
assuming the reaction remains diffusion-controlled in all cases, calculations pertaining to these solutions and the observed effects
changes irkp with acid concentration have been computed and can be entirely explained by the changeskinas a result of

(13)

ko = 47(D, + Dg)BN,/1000 (12)
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TABLE 2: Computation of Molar Equilibrium Constant ( K.) for Equation 25 at Different Acid Concentrations?

H.SOy H*, e
p,gmLt M m [yulet M [ywIv®  Ru(lll),eqM Ru(ll), eq M HO,, eq M O, eqM K
1.13 2 2.14 0.93 2 0.996 0.3010°° 2.70x 10°% 0.15x 10°° 28.65x 10°° 1.63x 10°
1.19 3 3.35 1.40 3 1.563 0.4610°° 2.54x 10°° 0.23x 10°° 28.73x 10°° 1.19x 10°°
1.30 5 6.17 4.90 5 6.048 1.5610° 1.45x 10° 0.78x 10°° 29.27x 10°° 3.33x 10°°
1.42 7 9.54 19.00 7 25.890 1.9810°° 1.02x 10°° 1.00x 10°° 29.49x 107° 0.39x 10°°
1.53 9 13.89 9 2.26 10°° 0.80x 10°° 1.10x 10° 29.60x 10°°

a Experiments were performed with electrochemically generated Rufiin 9 M H,SO,) which was subsequently adjusted to yield solutions
with the same initial Ru(lll) concentration [3.0 10-° M] but with varying acid concentrations. The solutions were air-saturateg §C3.0 x
104 M) and kept in the dark for 4 h. During this period, the reduction of Ru(lll) to Ru(ll) by the medium alone was neghdih®O, exists as
H* and HSQ- over this range of acid concentrati#f. ¢ Values based on ref 40 and Figure 4 of Supporting Informatidfalues computed using
eq 26.¢Ke = [Ru(ll)] [H200/{ [yu+]m-[H 1} [Ru(I1)] O], where the concentrations are those at equilibrium.

100 SCHEME 1

: *Ru(bpy)”" + O,— [Ru(bpy),**++0,"]  (15)
80 [Ru(bpy);™ 0,1 — Ru(bpy)™" + 0, (0r'0)  (16)
- [Ru(bpy)**++0," ] + H* — Ru(bpy)}** + HO," (17)
] *Ru(bpy)y”" + HO,"— Ru(bpy)’" + HO,”  (18)
o 607
S I HO, +H'—H,0, (19)
S~ E
= 2HO, — H,0, + O, (20)
5 407 2Ru(bpy)®’ + H,0, — 2Ru(bpy)®" + O, + 2H" (21
o u(bpy) 22 u(bpy} 2 (21)
SCHEME 2
20+ Yy *Ru(bpy)”” + O, [Ru(bpy),”++0,”]  (15)
. [Ru(bpy)® -0, ] — Ru(bpy)*" + O, (or '0,)  (16)
0+ [Ru(bpy)®*++:0, ] + H — Ru(bpy)®* + HO,”  (17)
2 4 6 8 10 b N ? S)f 2
Ru(b + HO,” — Ru(b +HO,” (22
_ " HO,” + H"—H,0, (19)
Figure 10. Plot of Ru(lll) (as % of total Ru) at equilibrium vs pH
SOy based on the data of Table 2. 2Ru(bpy);3+ +H,0,— 2Ru(bpy};2+ +0,+ oH* (21)
changes in viscosity. Further, using eq 14 befdwherelg SCHEME 3

andl are the steady-state peak luminescence intensities-in O oy -
free and G-saturated solutions, the observed differences in *Ru(bpy)™ + O,— [Ru(bpy)™ «--O,]* —

luminescence quenching efficiencies in water am@® iM Ha- Ru(bpy)?" + O, (23)
SO, (Figure 6) can be nicely accounted fag/[ = 2
I/l =7yt (14) SCHEME 4

% 2+ . 2+, 1
3.3 in water vs 1.4 in acid; correspondingr values are 3.13 Ru(bpy)s™ + 0, Ru(bpy}™ +°0; (24)

and 1.31 (Table 1)].

Alternative schemes may be proposed for the excited-state The observed range af (¢ = 0.25-0.28) for Ru(bpyy**
quenching and subsequent transformationsif@lies ground-  formation from 4x 1075 M Ru(bpy)?* in 9 M H2SQ, matches
state oxygen molecule). Schemes 1 and 2 pertain to quenchingelosely with the value of for luminescence quenching (Figure

via electron transfer. In the former scheme, #@ispropor- 6). This implies that electron transfer quenching is the dominant
tionates to produce #D, (eq 20) or oxidizes a second *Ru- Pathway and Schemes 3 and 4 above are relatively unimportant
(bpy)2t (eq 18). In the second scheme, pOxidizes ground- in this case® Moreover, the close match of the quantum yields

state Ru(bpy$*, i.e., both ground and excited states of the points to Scheme 1 over Scheme 2. The dominance of electron-
complex are involved in kD, formation. Note that in Scheme  transfer quenching is an important contributing factor to the
2, the quantum yield would be double that of Scheme 1 and higher degree of transient bleaching shown in Figure 9, despite
the oxidation of Ru(bpyf* to Ru(bpy}*" would occur in two the much lower luminescence quenching®iM H,SO, (Table
distinct time domains. Scheme 3 depicts deactivation to ground 1). Rapid charge recombination (eq 16) could be yet another
state via formation of an intermediate collision comptéand factor behind the lower efficiencies at lower acidities although
Scheme 4 represents energy transfer quenching to produceexperimental evidence of this could not be obtained. That the
singlet oxygen. irreversible absorbance bleaching in the time scale of the



6952 J. Phys. Chem. A, Vol. 105, No. 28, 2001 Das et al.

TABLE 3: Effect of the Concentrations of H,O, and O, on the Extent of the Reverse Dark Reaction and Computation of
Molar Equilibrium Constant for Equation 25 2

H.SO
p, gmLt M m Ht, eqM Ru(lll), eq M Ru(ll), eq M HO,, eq M O, eqM K]
1.53 9 13.89 9 0.8&% 10°° 1.20x 10°° 16.8x 10°° 29.4x 10°° 3.14x 10°3
1.53 9 13.89 9 0.64 10°° 1.36x 10°° 23.3x 10°° 29.3x 10°° 2.17x 1078
1.53 9 13.89 9 1.0% 10°° 0.98x 10°° 7.76x 107 29.5x 10°° 3.52x 1078
1.53 9 13.89 9 1.0& 10°° 0.92x 10°° 7.79x 1075 139.5x 10°° 0.95x 1073

aSee Table 2 for experimental details and notatifk], is the uncorrected molar equilibrium constant which was computed as in Table 2
using hydrogen ion concentration instead of activity.

TABLE 4: Redox Potentials of Tris(polypyridyl)-Ru(ll) and suppressing the back electron donation (eq 16) which
Complexes and Ferrocenium lon from Cyclic Voltammetric otherwise would have been inevitable. Alternatively, the O
Measurements at Different Acid (H,SO,) Concentrations® transient species must be trapped rapidly. Our calculations
E°, V (vs Ag/AgCI) provide evidence of adequate mobility of Kithin the lifetime
[H2S0], M 10 2c 3d Fc/Ec of the excited state even when theS®, concentration is as
1 106 109 111 012 low as 0.1 M36 Similar trapping by protons has also been
3 0.99 0.98 ' ' proposed by Zhang et & However, trapping of @~ by protons
5 0.90 0.89 is not an adequate explanation since, as mentioned above, such
7 0.83 0.80 trapping is possible even in 0.1 M,HO; whereas the
9 0.78 0.74 0.91 -0.17 generation of charge-separated species in significant amounts
135 0.76 is not observed experimentally. The high ionic strength and
aScan rate= 100 mV st 1 = Ru(bpy}Cl,. ¢ 2 = Ru(pheniCls. changes in the overall thermodynamics of the system at high
3 = Ru(bpy}[4,4-dicarboxy-2,2bpy](CIOx).. acid concentration must also, in some way, influence the

recombination process.

experiments of Figures 8 and 9 is due to photooxidation is  Reverse Dark Reaction.Although the photobleaching of
conclusively established from the concomitant rise in the Ru(bpy)?* appears irreversible in the transient studies up to
absorbance at 650 nm, which persists well after complete decay160 us, the oxidized complex reverts partially to Ru(bgy)
of the excited-state luminescence. This can be ascribed towhen stored in dark, even in-® M H,SOy. The rate and extent
Ru(bpy)*" formation only. Calculations based on Figure 8, of reduction both increase with decreasing acidity. Since studies
which take into account the relative molar extinction coefficient with electrooxidized Ru(bpyj* reveal that the reduction caused
values Eaos(Ru(bpy}?*) = 5.98 x 10° M~ cm%; esso(Ru- by the medium alone is negligible in the time frame of interest,
(bpy)s**) = 5.26 x 10* M~ cm Y] and the radiation dose, yield  the observed dark reaction with photooxidized solution must
a good fit between the loss of Ru(bg?), as estimated from be on account of kD,.37 Upon addition of 1 equiv of kD
the data at 395 nm, and formation of Ru(bgy) Hence into the electrochemically produced Ru(bgy)solution, the
oxidation of Ru(ll) to Ru(lll) must be occurring only via  results of the photochemically oxidized solution are reproduced.
*Ru(bpy)?" and Scheme 2 is probably inoperative. These results Besides confirming the role of 40, as the reductant in the dark
are consistent with the qualitative observation that the quantumprocess, this study corroborates the GC evidence of near-
yield does not increase at higher concentrations of Ru(ll); stoichiometric HO, formation in the photochemical process
indeed, it decreases possibly on account of self-quenching. WhenFigure 5). The observation that complete photooxidation of
apinch of KQ is addedd 9 M HxSQ;, instant effervescence is  Ru(bpy)?* becomes increasingly difficult after 10 turnover
observed, presumably due to generation of oxygen gas via thenumbers m 9 M H,SQ4, even though there is no apparent
mechanism of eq 20. The facile nature of this process below degradation of the complex, can also be rationalized in terms
pH 4.5 k= 8.6 x 10° M1 s7%) has been reported previously  of gradual buildup of HO,, which, in turn, promotes the reverse
by others® These results strongly suggest thaCklis formed dark reaction (Table 3). The reverse reaction might also partly
in the present study through eq 20 and the pathway of eq 18 isexplain the less than stoichiometric formation of04 shown
unlikely although such a mechanism has been proposed:@s H  in Figure 5.
formation in the riboflavin systerff. It is noteworthy that the Previous work by Creutz and Sutin had established that the
HO,® intermediate does not degrade the ruthenium complex to reaction of Ru(bpy$* with H,O, proceeds spontaneously in
any measurable exteftjnstead, it stays around long enough the pH range 610, yielding Ru(bpy®* and G as the main
until it finds a partner for eq 20. Disproportionation reactions reaction products (eq 21). The reaction was found to be first
are a useful means of circumventing multielectron-transfer order withk = 2.7 x 107 and 4.2 M! s for the HO,~ and
processes as would otherwise be necessary {0y farmation?% H.O; species, respectively This is consistent with the observed

The remaining question is, what leads to facile formation of decrease in the speed of the reverse reaction with increasing
HO;" in high acid? First, @ must be formed in preference to  acidity. The reaction also becomes less favorable (Figure 10).
02 (*Ag) whereas calculations of the free energies at pH 7 There is a close resemblance between the plots of Figures 2
suggest otherwisg!® A shift in the reduction potential of the  (insert) and 10 even though these were approached from
O./O>~ couple ¢0.45 V shift is necessary) in the highly acidic  opposite directions. We infer that the forward and reverse
environment is therefore likel§. Such a shift could arise from  processes are broadly controlled by the equilibrium of eq 25.
weak interaction of @ with H™, which would make the
dioxygen molecule a better oxidant, although this might
reasonably be expected to have some effect on the solubility o
the gas which is not observed. In situ formation of #@a
the above process would also be the most efficient mechanismThe role of light in the forward process is presumably to
of warding off possible nucleophilic attack on the bipyridyl ring  overcome the activation barrier since the reaction fails to proceed

hv
‘ 2Ru(bpy)*" + 0, + 2H" === 2Ru(bpy}’*" + H,0, (25)
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at all in the absence of light even though partial oxidation might values beyod 5 M H,SO,, especially if the Maclnnes conven-
have been expected thermodynamically. Light drives the reactiontion for scaling Pitzer single-ion activity coefficients is uséd.
uphill as well since, in all cases, the extent of photooxidation Decreases in the potentials of/O,*~ and Q/H,O, with
under steady-state photolysis in sunlight (inset of Figure 2) increasing acid strength would help suppress energy transfer
exceeds the Ru(lll) remaining in the reverse dark process (Figurequenching besides promoting the overall thermodynamics of
10). This is facilitated by the rate difference between the forward the process. Direct measurement of these potential shifts would
and reverse reactions, the latter being much slower at all acidbe of considerable interest.

concentrations studied. To the extent that the photooxidation is

driven past the equilibrium, there is uphill conversion of light Conclusions

energy into chemical energy. Values Kf (based on molar
concentrations) for eq 25 were evaluated for each of the acid
concentrations studied (Table#)H* and HSQ™ are assumed

to be the dominant forms of 230, in the concentration range
(1—9 M) studied since I§ for the second dissociation constant

is 1.99%%while specific conductance data suggests that the first
dissociation is suppressed only at concentrations beyond 90 wt
% of acid3®® Oxygen concentrations of the initial aerated

solutions were computed from Henry’s law and the concentra- and (ii) highly efficient trapping of @~ by H* followed by

t'ogngﬁ. nllzriegsMref&rerE%]S{ﬂ' d(;b;aln:e; frﬁrregj?lgfsgsg(t:ee rapid disproportionation to #0, and Q. These are likely on
quenching u (vi Sup ), W vaiu U5 ccount of the high ionic strength and proton activity coefficient
librium were computed assuming eq 25. Values of proton

activity coefficient, i for the molality function were which favor the required shifts in the potentials of thg@*~
v VHm ionis i i
obtained from a plot of the available literature data on unscaled and Q/H;0; couples. Although the above reaction is irreversible

Pit inale i fivit ficient (S g Inf tion: within the time scale of transient measurements, it is partly
F'I zer irlg € g)n ac 'V,'[ yd(?of t'ﬁ'en (I u_tppor Ilng nformation; e ersible in the dark over a longer duration. The equilibrium
426, which s obtained by application of 16 clyssical equations &0 25 s o the right for [¢8Q] = 7 M. Since specuroscopic

to the present system, where"HHSQ;-, and HO are the evidence negates the possibility of a true shift in the redox

o L potential of Ru(bpy™’2*, H,0, is presumed to be highly
principal componentgio, andp are the densities of the solvent stabilized in strong acid medium and, therefore, less capable of

— reducing Ru(bpy$* unlike at higher pH. Even though a
[Vidu = [udmpol + 9811000 (26) measurable extent of spontaneous oxidation would be expected
from the thermodynamic results reported herein, there is no
observable change in the dark. Light helps overcome the
activation barrier of the forward reaction by driving it via
*Ru(bpy)?t. To the extent that the photooxidation is driven
past the equilibrium, there is conversion of light energy in the
form of long-lived chemical products. These results are encour-
aging considering the simplicity with which ;8, can be
generated, the clean transformation achieved, and the high
quantum vyield realized.

The photooxidation efficiency of Ru(bpy) in oxygenated
aqueous solutions shows a marked dependence on acid con-
centration and, for experiments withb$0y, a sharp change is
observed in the region of-27 M acid. Oxidation to Ru(bpy§"™
is quantitative in 79 M H,SOy, with H,O, formed as reduced
product in near-stoichiometric yield. The high quantum vyield
and selectivity of the reaction may be ascribed to (i) predomi-
nance of the electron transfer quenching pathway over all others

(water in the present case) and solution, respectiffefyAs

no data on proton activity coefficient is availabkeSavl (13.89

m) H,SOy, it was not possible to computé; incorporating
hydrogen ion activity. For the remaining concentrations, the
values ofK; are comparable with the exception of the data for
7 M acid. The variation could be on account of factors such as:
nonattainment of true equilibrium and inaccuracies in values
of proton activity coefficient used. As can be seen from Figure
4 [Supporting Information],)fn+]m increases very steeply with
acid concentration and, therefore, substantial errors in the higher
range of acid concentrations are likely which would affget
very significantly. For example, if ayfi+]m value of 14.00 is
used for the computation &f. at 7 M H,SO,, the value oK,
would be 1.33 instead of the value of 0.39 shown in Table 2.
The former is comparable to the values in®2M acid.K. was

also calculated at two different concentrations @Opland G
(Table 3). However, since these studies were conducted in 9 M
H,SOy, for which the value offy+]m is not available, hydrogen
ion concentration was usethstead of hydrogen ion activity

for the computation oK. The values were similar in the former
case but rather dissimilar in the latter case even though some
inhibitory effect of Q on the reverse dark reaction is evident
from the spectral studies conducted. The results and discussion
above reveal that eq 25 is delicately balanced, with the
equilibrium shifting from left to right in the vicinity of 35 M
H.SOy, largely on account of steep changesyin.. Since the
reduction potential of Ru(bpyd™?* does not actually shift
despite the apparent changes observed (Figure 3), it is likely (1) (a) Inada, T. N.; Miyazawa, C. S.; Kikuchi, K.; Yamauchi, M.;

; o _ Nagata, T.; Takahashi, Y.; Ikeda, H.; Miyashi,Jl. Am. Chem. Sod999
that changes ifE(Ox/H20;) [E® = 0.281 V vs NHE at pH 7] 1577511 ") Hong, B.: Ortega, . ngew. Chemint. Ed. Engl.1998

brought about by the steep changegin, which, in turn, can 37, 2131. (c) Seroni, P.; Paolucci, F.; Paradisi, C.; Juris, A.; Roffia, S.;
lead to large negative pH values with increasing acid strefigth, Seroni, S.; Campagna, S.; Bard, AJJAm. Chem. S0d.998 120, 5480.

; irr i (d) Ramamurthy, V.; Lakshminarashimhan, P.; Grey, C. P.; Johnston, L. J.
are responsible for the observed effects. A 59 mV/pH shift is Chem. Commuri 998 2411. (e) Maggini, M. Guldi. D. M. Mondini, S

expected on the basis of Nernst equatih+ (0.059h)log K- Scorrano, G.; Paolucci, F.; Ceroni, P.; Roffia, Ghem. Eur. J199§ 4,
at 25°C],*2and pH can decrease dramatically to large negative 1992. (f) Andersson, M.; Linke, M.; Chambron, J.-C.; Davidsson, J.; Heitz,
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