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The relaxation dynamics and product distribution resulting from the decay of high lying excited states generated
via sequential two-photon capture by [Ru(bg}¥) or electron capture by [Ru(bpgj™ have been investigated

by flash photolysis and pulse radiolysis techniques. In comparison to the decay dynamics for monophotonic
excitation, dramatically different relaxation dynamics have been observed. High-power flash excitation yields
both the lowest lying metal-to-ligand charge transt®tl(CT) stateanda new transient photoproduct associated
with nonradiative decay through the photodissociative metal-centétdyiexcited state/s. The photoproduct

is postulated to be [Rigbpy)(*-bpy)]*" where the pendant pyridine has rotated to yield a transient that is
stabilized by ar—bonded or a three-centered RG—H agostic interaction.

Introduction resulting photolability limits the utility of [Ru(bpg)?" in

The photophysics and photochemistry dof polypyridyl photosynthetic applications.
complexes of Re(l), Ru(ll), and Os(ll) have been intensely  The ligand field transitions in [Ru(bpy]f*and related com-
studied over the last 25 yedrsThe tris-(2,2-bipyridine) plexes are obscured by the much more intense charge transfer
ruthenium(ll) complex has served as the paradigm for this classand intraligand transitions. Consequently, it is difficult to directly
of compounds. Light absorption by [Ru(bg}?)" results in the populate and study thédd states. The participation &tid
formation of a Franck Condon singlet metal-to-ligand charge- excited states in the nonradiative decay of the triplet state of
transfer {MLCT) excited state which undergoes subpicosecond [Ru(bpy)]2* is inferred from temperature-dependent emis-
intersystem crossing to a long-livéMLCT excited staté.The sion yield and lifetime measurements, and the observation of
3MLCT excited states, although generally substitutionally inert, photodecomposition. Prolonged irradiation or photolysis into
can undergo facile electron and energy transfer chemistry. It is the lowest energy MLCT band of [R(bpy)]2* in H,O re-
these properties that have been exploited in the construction ofsylts in spectral changes consistent with the formation of {Ru
molecular assemblies for artificial photosynthetic purpdseae (bpy)(H20),]2* presumed to arise through bpy loss from the
pathway for deactivation of the lowest lyirILCT state is 3dd state. To date, however, tidd excited states in [Ru-
via the metal-centerettid excited staté.This state, although (bpy)]2* have not been directly obseed by spectroscopic
generally slightly higher in energy than the lowest lyfij.CT techniquesinsight into the behavior and properties of fiul
state, can be formed by thermal activation from #wL.CT excited states in [Ru(bpyf* would be possible if the states
state or via direct intersystem crossing from tHdLCT could be generated in high yield. Two approaches, the popula-
Franck-Condon state. The metal-centefed excited states are tion of the3dd state via two-photon excitatidand the radiolytic

not substitutionally inert and may undergo ligand I6sEhe reduction of the oxidized compléxappear promising in this
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Two-photon excitation of Ru(ll) polypyridyl complexes has SCHEME 1: (a) Electron Capture by [Ru" (bpy)s]3*. (b)
received less attention than monophotonic studies. According Sequential Two-Photon Excitation

to Meisel et al., 306340 nm flash photolysis of aqueous A (a)

solutions of [RU(bpy)]?" yields [RU"(bpy)]®" and [RU'-

(bpy ) (bpy)] ".5¢¢ It was proposed that these products are

formed via sequential two-photon absorption that results in the 20210 Mg &‘ 101 M5

photoejection of an electron as shown in egs 1 and 2. R Oy )
" Transient

[Ru" (bpy)* = FRu" (bpy ) (bpy)l?" R ons FMTIVE ssvvidd

38% Yield

Energy

[Ru" (bpy)]*" + e, (1)

[Ru"(bpy)l** + e,y — [RU"(bpy )(bpy)l"  (2)
Rul(bpy); 2

The photoejection yields were small (0.0015 fdLCT state Ground State
formed) and could be increased by the addition of sodium 7% Xidd
dodecyl sulfaté. However, this interpretation has been ques-

: ) b —
tioned because the same products can also be formed via the (b) *[Rul"(bpy' ™) (bpy )l

disproportionation of two MLCT excited states, ed 3: A
g

ZRU" (bpy ) (bPY)l* — SIS

I o + M 3+ [Ru"(bpy™ )(bpy).] z

[Ru”(bpy ™ )(bpy)l " + [Ru™(bpy)]™ (3) mLCT

Recently, Castellano and Lackowicz demonstrated that intense . g k“\ R opy Koy l| 3[Ru‘;‘(bpy)sl2+
90 fs, 880 nm laser excitation resulted in simultaneous two- E 2 SMLCT ’ ‘f’d
photon absorption and the ultimate formation of the same 2 5
SMLCT excited state as produced in monophotonic 460 nm Photothemistry
excitation®® In the related [RU(NH3)sL] 2" (L = pyridyl) family
of complexes, multiphoton absorption resulted in increased R opy)s” |
photoaquation yields consistent with efficient intersystem cross- Ground State

ing to high lying metal-centered excited states. Interestingly, .
photoejection of electrons in [R(NHz)sL]?" systems was not  Electron capture by HOAc occurs witlpsq~ 10° s~ under
observed. Two-photon photochemistry has also been docu-the conditions used.

mented in Re(IF2 Cu(l),5¢ and Ru(lIf' polypyridyl complexes The reaction of g~ with [Ru"' (bpy)s]** was detected at 650

as well as in dimolybdenum complex¥s. nm where g;” has a strong absorption. The observed rates for
The capture of a solvated electron by [Ribpy)]3* to form electron capture by [RU(bpy)]®" were ~7 x 10f s1. The

the reduced ground-state complex is very exergoA®, = kinetics following electron capture were multiphasic and

— 4.1 eV. Pulse radiolysis studies have shown that electron adequately described with a biexponential function. The dif-
capture by [RU (bpy)s]®* occurs at a near diffusion-controlled  ference spectrum at/ds has a maximum at 360 nra £ 6000
rate to form three species: the ground-state complex; the M~tcm™?) and a broad positive absorption feature between 470
3MLCT excited state, and a nonemitting species that does notand 540 nm ¢ ~ 1000-2000 M cm™).}! The absorption
exhibit significant differential absorption in the visible spectral changes evolve with time ultimately yielding the spectrum of
region, Scheme 1a. [Ru'(bpy)]?". Transient absorption studies thus indicate that
The yield of the nonemitting species was 55%, based on an intermediate spectraltjistinctfrom [Ru' (bpy)s]?* is formed
dosimetry and kinetic modeling. Although the identity of the by radiolytic reduction of [RU(bpy)]*" on the microsecond
transient was unclear the authors speculated that it might betime scale. These findings are consistent with the results reported
another excited state or a coordinated radical complExi- by Meisel et af
dently, both pulse radiolysis and two-photon absorption afford ~ Two-Photon Excitation of [Ru" (bpy)s]2*.12 The dependence
valuable opportunities for exploring the excited-state manifold of the emission yields from thi#LCT excited state (designated
of Ru(bpy}?* and related complexes. The results of experiments as [Ru" (bpy ~)(bpy)]?" below) on laser power affords a

along these lines are described below. valuable mechanistic probe. Very different excitation power
) . dependences have been demonstrated for formatiéfiRaf' -
Results and Discussion (bpy)(bpy)]?* following monophotonic excitation at 470

Pulse Radiolysis ExperimentsThe electron capture experi- nm'3aband simultaneous biphotonic excitation at 880 ¥irin
ments were performed with 2 MeV electrons from a Van de the present work, the power dependence of the emission from
Graaff acceleratd? under the conditions used by Meisel 3[Ru"(bpy~)(bpy)]?" (5 uM [Ru"(bpy)]Cl, in Ar saturated
et al.: {-BuOH] = 0.3 M, [NaSQ)] = 0.5 M, and pH= H.O at 298 K unless otherwise noted) provides evidence for
4.6 maintained with acetate buffer ([HOAcF 20 mM, sequential two 355 nm photon absorption as shown in Scheme
[NaOAc] = 20 mM). Pulse radiolysis of aqueous solutions 1b131*In this mechanism, absorption of a single photon in the
generatesgg , OH" radicals, M atoms, H, and HO.. In acidic MLCT band €355 = 6500 Mt cm™?) creates théMLCT excited
media, the hydrated electron is converted iatH atom through state. Intersystem crossing to form the emisgiMeCT excited
reaction with a proton withkopsg = 5.5 x 10° s1 at pH 4.6. state is efficient¢isc = 1) and occurs on an ultrafast time scale
The hydroxyl radicals and H atoms formed in the pulse (r < 200 fs,k > 5 x 102 s71).2 The 3MLCT excited state
radiolysis rapidly react with theBuOH to form a C-centered  produced is long-lived#{= 530 ns,k = 1.9 x 10° s1) and
butanol radical (€H,)(CHs),C(OH) and HO or H,, respectively. absorbs strongly at 35%45 = 22000 M1 cm™1) and at 460
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Figure 1. (a) Emission decay monitored at 620 nm following 355 nm pulsed laser excitation at 3.0 mJ/pulse'fopjRi#. (b) A plot of |5m

vs laser power for [Ri(bpy)]?*. Also plotted on the upper abscissa is the flux of photons per pulse per cross-sectional arégbgfy)gé". The

latter was estimated to be>6 10717 cm?molecule from the molar absorptivity of [R(bpy)]?". The laser beam diameter wa8 mm. (c) Time-
resolved emission monitored at 620 nm for [Rapy)]2™ following 6 ns pulsed laser excitation at 39.0 mJ/pulse. The time scale has been expanded
to highlight the early time dynamics. (d) A plot &fiE™ (whereAIE™ = 157 . — 15™ andIZ i the emission amplitude at 100 ns) as a function

of laser power. Also plotted on the upper abscissa is the flux of photons per pulse per cross-sectional atébmf)fRuas described in Figure

1b. All data plotted in Figure 1 were obtained withuGM [Ru"(bpy)]Cl. in Ar saturated HO at 298 K.

nm (€460 = 2200 Mt cm™), respectively. The absorption of a At laser powers<1l mJ/pulse, there is a low probability of
second 355 nm photon produces a higher excited Rt - photon capture b§[Ru" (bpy~)(bpy)]?*, and the time-resolved
(bpy~")(bpy)]?" (Scheme 1b), formed by promotion of the emission displays single exponential decay kinetics with a
added electron in bpy. This state, which can be viewed as a lifetime independent of excitation energy. This is shown in
higher lying3MLCT state, lies 5.6 eV above the ground state. Figure 1a. The zero-time emission intensities determined from
The present studies reveal that the “zero” ting® (ns) emission the first-order kinetic fits are directly proportional to the
amplitude and the subsequent emission dynamics #&u" - emission quantum yields and are plotted as a function of the
(bpy ) (bpy)]?" display a complex dependence on excitation excitation intensity as shown in Figure 1b. Similar power
power. dependence was also found for the transient absorption spectra
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monitored at 450 nm. The power dependence at low laser 0.2
powers is consistent with absorption of a single photon to form
the Franck-Condon!MLCT excited state followed by rapid

intersystem crossing to form th&MLCT excited state as ° 0L PN p
previously discusset. The capture of a second photon by 2 L
S[RuU" (bpy~)(bpy)]?t is negligible at low laser power, and S ol
consequently, the emission intensity displays an linear depen- § i
dence on the laser power. When the laser power is increased, j i
absorption of a second photon becomes important and the time <« 01 ]

dependence of the [Ru(bpjAremission becomes more complex i
as shown in Figure 1c. The emission decay shows an increase 02 [
in intensity at early times (5.0 x 1078 s). This rise becomes [
more prominent with increasing excitation energy, Figure 1(d).

These kinetics were adequately fit to a biexponential expression 03 [ 7
with rate constants of 3.7{0.4) x 10’ s tand 1.9 & 0.4) x 360 400 440 480 520

10° s™1. The slower process is assigned to #MLCT decay. Wavelength, nm

To the best of our knowledge, this is the first observation of

rise-time kinetics for population of tiILCT state following 0.1 4+

sequential two-photon absorption. The rise in emission intensity
is interpreted as repopulation of tALCT based excited state
from a higher lying excited state & 2.7 x 1077 s), presumably
a3dd state which is readily accessed following the absorption
of a second photon b§[RU" (bpy~)(bpy)]2". The amplitude

of the rise time kinetics display a sigmoidal dependence on laser
power, Figure 1d, as is predicted for a sequential two photonic
excitation mechanism.

Transient absorption difference spectra were determined in
deoxygenated pO media under low and high laser intensities.
Low power laser-flash photolysis experiments at 355 or 532
nm (<4 mJ/pulse) gave identical transient absorption spectra
and kinetics that were assigned to decay offteCT excited .
state. With increased laser energy the relaxation kinetics become 0+
biphasic at 356500 nm, with the slower phase becoming more ]
prominent with increasing energy. Transient absorption spectra
obtained under saturation conditions where almost all of the
[Ru(bpy)]?t absorbs two 355 nm photons (50 mJ/pulse) are
shown in Figure 2. Immediately following excitation, positive
absorption features at 350 and 500 nm and a broad bleach
centered at 450 nm were observed. The decay kinetics at 350Figure 2. (a) Time-resolved transient absorption difference spectra
450, and 500 nm were biphasic and are adequately fit to afor the intermediate formed following sequential two-photon absorption

. ; . at 355 nm following 6 ns pulsed laser excitation at 39 mJ/pulse (3 mm
biexponential decay with rate constants of £9§.4) x 10° laser beam diameter) oryBM [Ru' (bpy)]Clz in Ar saturated HO at

st and 1.3¢ 0.4) x 10*s™™. The rate constant for the initial 298 K. The delay times for the recovery of the bleach at 460 nm are
fast phase is assigned to decay of i CT excited state based 0 ns, 200 ns, Zs, 19us, 36us, 66us, and 125:s. (b) Time-resolved

on the kinetics and transient spectra. The second phase igransient absorption trace for [Rilbpy)s]?* monitored at 540 nm. All
significantly slower than either of the processes observed for conditions are as described in Figure 2a.

the emission of théMLCT at high laser powers. The transient

absorbance changes do not have sufficient signal-to-noise tofollowed by a slower deactivation of tifeld state. A detailed

fit to three exponential decays. The intermediate implicated by analysis of the kinetics will be presented elsewHét@he *dd

the second phase is relatively long-lived with= 80 us; state is also assumed to be the precursor of the long-lived
however, the transient signals do not fully recover to preexci- intermediate. Not all of the doubly excited staf§Ru'-
tation levels. At 460 and 500 nm, the recovery was-968% (bpy-~*)(bpy)2]?*, decays through thédd state; rather, a
of the total transient signal. significant portion of the doubly excited state directly repopu-

The Nature of the Short-Lived Intermediate. The short- lates the3MLCT state. This is suggested by our observation
lived intermediate (2.% 107 s) implied by the repopulation ~ that the emission from théMLCT state does not decrease

of the 3MLCT state on the 100 ns time scale is assigned to a Significantly at the highest laser powers.

3dd excited state. Add state has been implicated by the The Nature of the Long-Lived Intermediate. Evidence has
temperature dependence of the nonradiative deactivation ratdoeen presented for the formation of a relatively long-lived
of the3MLCT state. The8MLCT state is believed to be able to  intermediate (8Q:s) by both laser flash photolysis and pulse
form the3dd state by thermal activation. Because an antibonding radiolysis methods. It is reasonable that this intermediate is
gy orbital is populated in thédd state, it is expected to undergo  populated through the decay of tidd excited state. The
rapid ligand loss as discussed in the Introduction. The kinetics intermediate, which likely contains a monodentate bpy ligand,
of deactivation of théMLCT excited-state cannot distinguish  can either reform the ground state or lose the monodentate bpy.
between formation of thédd state being rate determining and Our results suggest that the former pathway predominates at
a fast preequilibrium between tRBRILCT and ligand field states  neutral pH.

A Absorbance
<o
[om)
T

_0_02..‘.;H.~%HHJKAL;.EH.,EHI.

Time, us
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SCHEME 2

From Higher Lying|
Excited States
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Ground State

Identification of the intermediate as an aquo complex!'[Ru
(bpyk(r*-bpy)(OH)]%" (wheren-bpy denotes a monodentate
bpy) is ruled out by the following lines of evidengeThe
pentacoordinate [Rifbpy)(17*-bpy)?™ formed from theldd state
might rapidly add a KO molecule. It is known from exten-
sive steady-state photolysis of [Rbpy)]? and [RU (bpy)-
(py)2]%" that nonradiative decay through thed state/s yield
[Ru" (bpy)(7*-bpy)(X)I"" and [Ru!(bpyyX2]™" (where X =
halide (1= 1) or coordinated solvenh(= 2)).1> Calculation of
the transient spectra utilizing the known spectra for'[[Rpy)-
(PY)(OH)1%* or [RU'(bpy)(OH,)2]?+ are not consistent with
the spectral data obtained in this work. Furthermore, the first-

.\2+
Nez=
\J\éNR

ki,0=7s"
Estimated from Ref 15(a)
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Proposed Long-Lived Intermediate,

u(bpy)z(o-(CsHgN)-py)]>* or [Ru(bpy)o(ni-(CsHsN)-py)**

(N NN N
N, w Ne == Ny, W Ne=
Ry’ N o OF ‘Rul
U‘\HE e
— J—
k<< 10*s!
W N
= ~, 2+
N
N""Rlu aitiN A
N | “YoH,
N

[Ru(bpy)y(1'-bpy)(OH)]**

(Y M
= \Y
NN =N N-7
kit +hk=37x10"s"

complex has been postulated as an intermediate in [Rg)eNH
(py)1?* flash photolysis studies by Fotéfand as an intermedi-
ate in the reduction of [Ru(Ng)s(isonicotinamidef}™ com-
plexest®®cNumerous examples eff—arene complexes of Os
are knownt®¢ Chaudret has recently reported the synthesis and
NMR and X-ray crystallographic characterization of [RuH)H
(0-CeHs-py)(PRs)2] ™, a structural analogue d¢if , which clearly
show the agostic €H bonding interaction involving the ¢Els-
py moiety’

A red material tentatively assigned as the'[Ripy)(0-CgHs-
py)I2", Il , complex has been isolated and characterized by
NMR in this work® The visible absorption spectrum is

order kinetics observed in the flash photolysis experiments (Seedistinctly different than that reported for [R{opy)(o-CeHa-

above) implicate a rate constant o~ 10* s7! that is some
4—8 orders of magnitude faster than @tissociation from other
Ru(ll) polypyridyl complexeg? It is therefore unlikely that the
long-lived intermediate is a [Ribpy)(i-bpy)(X)]""-type
species.

We propose that photocleavage of a-RWi bond in [RU'-
(bpy)]?" yields a [RU (bpy)(171-bpy)?" and that this is followed
by rapid pyridyl ring rotation and/or transient formation of a
long-lived Ru(bpy)(z-bpy)?™ complex in which the pendant
pyridyl ring is ligated in anj? or i fashiort® or through a weak
C—H agostic interactiod’ Synthetic experiments where Ru-
(bpykCl, was reacted with 2-phenylpyridine {&s-py) were
undertaken to identify a coordination mode that could give rise

to the observed transient spectroscopy. Three possible bondin

modes for [Ril(bpy)(CsHs-py)]?" are shown below.

O

— H

/

‘w,,_.ﬂ/..,,,m ....... Ru...,,, _— Ru/«..,,,, 7
) N

[Ru"(bpy)(c-CeHipy))" T [Ru(bpyj(m-CeHs-py)P" H  [Ru'(bpy)(o-CoHs-py)]*", NI

7\ 3
N

The [RU'(bpy)(o-CeHs-py )] complexl has been prepared
previously, and the crystal structure is knoffaComplexll ,
the [RU'(bpy)(-CeHs-py)]?" ion, has the phenyl moiety in
CeHs-py r-bonded in amy? fashion. A similar type oft-bonded

py )]* and is atypical of [RUbpy)(py)L]*" (L = py and OH)
complexes. The low-energy band is extremely broads, =
5250 cnt?) and featureless with little evidence for the vibronic
progressions which appear as shoulders on the high energy side
of the MLCT envelope as seen in [Rbpy)]?" and [RU (bpy)-
(py)L]?" derivatives. ThéH NMR spectrum of [RUi(bpy)(o-
CsHs-py)]?* in CDsOD is complex, as expected for 25
magnetically inequivalent protons. The resonance tentatively
assigned to the agosticH is a broad singlet at 6.6 ppm (8.1
ppm for free GHs-py) in the'H NMR, a singlet at 117 ppm in
the 13C {H} decoupled NMR spectrum, and appears as a
doublet in thel3C NMR with Jc_y = 158 Hz. The value of
Jc—n for the putative agostic proton at room temperature is only

€%Iightly shifted fromJc—y = 165 Hz for the aryl G-H in [Ru''-

(bpy)(0-CeHs-py)]?+ and is significantly larger thadc-y =
128 Hz in [RuH(H)(0-CeHs-py)(PR3)2]* at 173 K17® The
magnitude ofJc—y in Il suggests that if there is an agostic
interaction it is weaR” Full preparative details and characteriza-
tion data for [Ru(bpy)o-CsHs-py)](PFs) will be published
elsewherd2c

Photochemical Mechanism.The model for excited-state
decay of [RU(bpy)]?" that emerges from the results reported
here is summarized in Scheme 2. The emis3WEeCT excited
states can be populated via (a) monophotonic MLCT excitation
and rapid intersystem crossing (the “standard” model), (b)
relaxation from the electron adduct [Ru(bgly}//e.q ], or (c)
sequential two-photon absorption with high power 355 nm
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excitation. Accordingly, enhanced population of #dd excited

Letters

(cell dimensions were 2 1 x 0.5 cm). The probe beam was generated by

state has been achieved both via relaxation from the electron2 7> W Xe arc lamp which was pulsed for measurement times less than

adduct [Ru(bpyj3t//esq’] and by a sequential two-photon
absorption mechanism. THdd excited state can decay by (i)
back intersystem crossing to tRBILCT as evidenced by the

emission rise time kinetics observed at high laser powers, (ii)

direct deactivation to the ground state, and (iii}-Ruyridyl bond
cleavage and ligand rearrangement to form a transidtinded

104 s. Faster time-resolved electron pulse-radiolysis experiments were
carried out at the 9 MeV Laser Electron Accelerator Facility (LEAF) at
Brookhaven National Laboratory. The experimental details regarding LEAF
will be presented elsewhere.

(11) (a) The pulse radiolysis experiments were hampered by the
instability of [Ru(bpy}]3* towards thermal and photochemical decompo-
sition!1b A prepulse flow system was used to keep the '[Rapy)s]3*
reactant solution at low pH. Immediately before the pulse, the acidic

or agostic species which then undergoes ligand rearrangemenE”he”ium solution was mixed with acetate buffer. (b) Ghosh, P. K.;

to reform [Ru(bpyj]?" with a lifetime of 80us. This is a

runschwig, B. S.; Chou, M.; Creutz, C.; Sutin, NAm. Chem. So2984
106, 4772-4783.

significant result because it suggests that photochemical catalysts (12) Transient absorption spectra and lifetimes were measured using a

that activate &H bonds might be achieved in appropriately
designed Ru(ll) polypyridyl complexes.

Finally, these observations call into question some of the

previous assumptions regardifdy excited-state decay in [Ru-
(bpy)]?*. The®dd excited states of [Ru(bpg§™ have lifetimes

modified apparatus described elsewh&pe.Excitation was provided by
primarily the third harmonicAex. = 355 nm, 6 ns pulse-width,-660 mJ/
pulse) from a Continuum Surelite-1 Nd:Yag laser. The laser spot size was
~3 mm in diameter at the sample. All experiments were performed at 25
°C. (b) Hamada, T.; Brunschwig, B. S.; Eifuku, K.; Fujita, E.; Korner, M.;
Sakaki, S.; van Eldik, R.; Wishart, J. F.Phys. Chem. A999 103 5645—
5654. (c) Thompson, D. W.; Wishart, J. F.; Brunschwig, B. S.; Sutin, N.

in the nanosecond regime and are much longer lived than manuscript in preparation.

previously thought. Although th#&ld states are highly reactive

toward ligand loss in aqueous media, the dominant decay rout

is reformation of [Ru(bpy)?" and only a relatively small

(13) (a) Lachish, U.; Shafferman, A.; Stein, G.Chem. Phys1976

64, 4205-4211. (b) Yoshimura, A.; Hoffman, M. Z.; Sun, ihotochem.

Photobiol. A: Chem1993 70, 29—-33. (c) Creutz, C.; Chou, M.; Netzel,
T. L.; Okumura, M.; Sutin, NJ. Am. Chem. S0d.98Q 102, 1309-1319.

amount of the complex is trapped as aquo species; thus, thergd) Van Viierberge, B.; Ferraudi, Gnorg. Chem.1987, 26, 337—340.

is very little net photochemistry under normal conditions. The
quantum yields for photosubstitution in aqueous media are a

(14) With monophotonic excitation at 460 nm, Whitten et al. demon-
strated that photochemical displacement of bpy by;CH was inefficient
with ¢_ppy < 107414 Consistent with this, we find negligible changes in

poor indication of the extent of excited-state decay that proceedsthe absorption spectra after steady-state excitation of (BRy)]2+ in

through metal-centered excited states.
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