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Photoinduced Electron Transfer in Ruthenium(ll) —Rhodium(lll) Terpyridine Dyads

M. T. Indelli* and F. Scandola*

Dipartimento di Chimica, Universitdi Ferrara, 44100 Ferrara, Italy

L. Flamigni
Istituto FRAE-CNR, 40129 Bologna, Italy

J.-P. Collin,* J.-P. Sauvage,* and A. Sour
Laboratoire de Chimie Organo-Minerale, Univetditeuis Pasteur, 67008 Strasbourg, France

Receied March 4, 1999

A series of Ru(l1)-Rh(lll) dyads of general formula (ttpy)Rttpy—(ph}h—tpy—Rh(ttpyP™ with n = 0, 1, 2 [ttpy

= 4'-p-tolyl-2,2':6,2"-terpyridine; tpy-(ph),—tpy = bridging ligand where two 2;%',2"'-terpyridine units are
connected at the'4$osition through a variable number pfphenylene spacers] have been studied, in acetonitrile
at room temperature, by picosecond and nanosecond time-resolved emission spectroscopy =\Whexcitation

of the Ru(ll)-based molecular component is followed by efficient intramolecular quenching by electron transfer
to the Rh(lll) center. The rate constaktz 3 x 10° s71, is high despite the relatively small driving force of the
process (ca. 0.1 eV). Whan= 2, with the same driving force as above, no intramolecular electron transfer
guenching is observed (upper limit for the rate constant of the electron transfer precess:x 10° s™1). The
decrease in electron transfer rate obtained in going from 1 to n = 2 is in line with the behavior of other
systems containing polg-phenylene spacers. The dyad witk= O is definitely not homogeneous with the other
two: the intercomponent electronic coupling is much stronger, the Ru(ll)-based excited state is lower in energy,
and the electron transfer has a smaller driving fork& & 0). The lifetime of the Ru(ll)-based emission is 17

ns. The lack of an obvious model compound makes it difficult to draw firm conclusions for this system.

Introduction The dyads were designed with the Ru(ll)-based unit as the

. . photoexcitable molecular component and the Rh(lll)-based unit
Ligand-bridged polynuclear metal complexes are a class of 55 the electron acceptor. Energy transfer is energetically

supramolecular systems particularly suited to the study of forhidden in these systemAG = 0.4eV)5 On the other hand,

photoinduced energy and electron transfer processetn the photoinduced electron transfer (eq 1) is always thermodynami-
design of dyads (two-component systems), triads (three-

component systems), etc. for that purpose, octahedral coordina-
tion with terpyridine ligands is particularly attractive, given the
unique trans geometry and the absence of chiral complications.
In a previous paper, a series of RuttRRh(lll) dyads of general
formulal, abbreviated hereafter as RRh (n = 0), Ru—(ph)—

Rh (h = 1), and Ru-(ph—Rh (n = 2), was describefl.

*Ru"—(ph) —RH" < Ru" —(ph),—RH' 1)
cally allowed AG ~ —0.1 eV forn=1, 2; AG ~ 0.0 eV for

n = 0)% Its actual efficiency, of course, depends on the
competition with excited-state deactivation (eq 2). Given the

*Ru"—(ph) —RH" = Ru'—(ph),-Rh" )
short (subnanosecond) lifetime of Ru(ll) terpyridine complexes
at room temperaturethe original study was conducted at low
temperature (150 K fluid solutions, 77 K rigid glasses) where
nano- to microsecond time-resolved methods could be used. The
1 results, however, were somewhat deceptive. Forb)—

Rh and Ru-(ph)—Rh, no significant intramolecular quenching
was observed by comparing emission intensity and lifetime of
the dyads with those of the Ru(ttp¥) (2) model. With Ru-

Rh (h = 0), some indication of photoinduced electron transfer
was obtained, although the interpretation of the results was
complicated by the lack of an obvious model compound for
the Ru-based unft. The final conclusion was that, at least for

n =1 and 2, electron transfer at #150 K is too slow to
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compete with deactivation of the Ru-based MLCT excited state
(k < 1% egs 1 and 2§.

Since the electron transfer process (eq 1) in these systems is

in the Marcus “normal” region, an obvious way to increase its
rate would be to increase the temperature. An increase in
temperature, however, is also known to shorten the MLCT
excited-state lifetime, as the activated decay pathway involving
upper metal-centered states becomes more effieiéFus, it

is difficult to determinea priori whether an increase in

temperature will increase or decrease the chance to observe

photoinduced electron transfer. The answer is given by the
present study, where the R@ph),—Rh dyads are investigated
at room temperature using picosecond time-resolved techniques

Experimental Section

Materials. The complexes were available from previous stuélies.
Acetonitrile (Merck Uvasol) was used without further purification.
Apparatus and Procedures. The instruments and procedures used

to obtain absorption and emission spectra were as described in a

previous papet. The stationary emission spectra were corrected for
instrumental response by calibration with an NBS standard quartz
halogen lamp. Emission quantum yields were obtained using Ru-
(bpy)?" in water @ = 0.042) as a reference emitter. Nanosecond
emission lifetimes were measured by time-correlated single-photon-

counting techniques, using a PRA 3000 nanosecond fluorescence

spectrometef. Emission lifetimes shorter than nanoseconds were

measured by an apparatus based on a 35 ps pulse Nd:YAG laser

(PY62—-10 by Continuum) and a streak camera (Hamamatsu C1587
equipped with an M1952 fast single sweep unit). The second harmonic
(A =532 nm) with an energy 0f-36 mJ was used to excite the samples
((2—4) x 10+ M solutions, absorbance at the exciting wavelength
2—4). The emitted light passed a spectrograph (HB 250 Jobin-Yvon)
and entered the slit of the streak camera. Acquisition and processing
of the data were performed with a CCD camera and related software
running on a PC. Typical streak camera images were the average of
2000 events collected at 10 Hz, containing 512 time points (4.19 ns
total) by 480 wavelength points (165 nm total). Time profiles were
selected on a 20 nm interval around the emission maximum and
analyzed with standard iterative nonlinear procedures according to single
exponentials. The quality of the fit, judged on the basigdnd the
distribution of residuals along the time axis, was always satisfactory.
Spectral profiles were obtained by averaging the intensity signals over
a number of channels corresponding to the selected time window.

Results

At room temperature in acetonitrile solution, the Ru(tty)
model and the Ru(ph)—Rh and Ru-(ph),—Rh dyads all give
rise to very weak emission®(~ 1076—-1075). The emission
spectrum of Ru(itpyft, as measured by picosecond time-
resolved spectroscopy (integrated over thel s time interval),
is shown in Figure la. Emission spectra obtained under the
same experimental conditions for R(ph)—Rh and Ru-(ph),—

Rh are shown in Figure 1b,c. The emission of-RRh is
somewhat stronged{ = 5 x 107°) than that of the other dyads.
Its spectrum, measured by stationary spectrofluorometry, is
shown in Figure 2 (curve a).
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Figure 1. Emission spectra measured after picosecond laser excita-
tion: (a) Ru(ttpy" model; (b) Ru-(ph)—Rh; (c) Ru-(ph)—Rh.
Intensities are normalized measuring time windowl0Ons.
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Figure 2. Stationary emission spectra: (a)Rih; (b) Ru—Ru model.
Intensities are normalized .
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For Ru(ttpy}?*, Ru—(ph)—Rh, and Ru-(phy,—Rh, the decay
of the emission was measured using picosecond pulsed laser
excitation, taking care to work with rather low pulse intensities
and high concentrations of the sample (typically, corresponding
to a 10-fold excess of molecules over incident photons), in order
to avoid the occurrence of multiphotonic effects (as previously
observed at lower temperatye The observed decays are
presented in Figure 3. The lifetimes obtained by single-
exponential fitting of these decays are as follows: Ru(tfiy)
860 ps; Ru-(ph)—Rh, 240 ps; Ru-(ph,—Rh, 1.9 ns. For Rt
Rh, the emission decay takes place on a much longer time scale,
allowing the use of nanosecond single-photon counting tech-
nigues. The decay was monoexponential with a lifetime of 17
ns.

Discussion

As already noticed? the Ru-(ph),—Rh dyad withn = 0
and those withn = 1, 2 differ sharply in the extent of



Electron Transfer in Ru(lf-Rh(lll) Dyads Inorganic Chemistry, Vol. 36, No. 19, 1994249

of the Ru-(ph)—Rh dyad, 240 ps (Figure 3b), is definitely
a shorter thanz®, indicating thatthe intramolecular electron
transfer quenching process (eq 1) is efficie#t lower limit
for the rate constant can be calculatedkas 3.0 x 10° s71,

. For Ru—(ph,—Rh, on the contrary, the emission decays with
- a lifetime of 1.9 ns (Figure 3c), longer than that of the Ru-
0

—— (ttpy)2™ model®implying that intramolecular electron transfer

1 2 3 4 (eq 1) is inefficient. An upper limit for its rate constantidss

. 5x 18 sL

| P The difference observed between Rph)—Rh and Ru-
(ph—Rh can be analyzed in terms of standard electron transfer
theory4~17 In the weak-interaction (nonadiabatic) limit, the
rate constant is given by

I (a.u.)

S S S k = (2/h)H ,s2(FCWD) (3)

whereHag is the electronic coupling matrix element and FCWD
is the nuclear term (FranekCondon weighted density of states)
which depends on the driving force and on the reorganizational
energies of the process. In going from-Rph)—Rh to Ru-
(phx—Rh, the FCWD term is expected to decrease only slightly,
S , due to the weak dependence of the solvent reorganization on
1 2 3 4 the transfer distance. On the other hand, a strong dependence
time (ns) of the electronic coupling on the bridge length is anticipated.
Figure 3. Emission decays measured after picosecond laser excita-According to standard models, electron transfer rates are
tion: (a) Ru(ttpy)*t model; (b) Ru-(ph)—Rh; (c) Ru-(phx—Rh. expected to fall off exponentially with donor-acceptor distance,
Contiunuous lines represent single-exponential fits yielding lifetimes r (eq 4)1¥23 Thus, the experimental observation of photoin-

of (a) 860 ps, (b) 240 ps, and (c) 1.9 ns.
Has” = Hag”(0) exp(-pr) 4)

intercomponent coupling. For this reason, the two types of
dyads will be discussed separately. duced electron transfer for Rigph)—Rh but not for Ru-(ph)—

Ru—(ph)—Rh and Ru—(ph),—Rh. For these dyads, aweak Rh can be likely explained in terms of bridge effects. In the
metal-metal coupling is provided by the bridge, and a reason- polyphenylene-bridged porphyrin dyads studied by McLer#don,
able model for the intrinsic properties of the Ru-based unit is a 6-fold decrease in electron transfer rate was obtained by
provided by the Ru(ttpy$" mononuclear comple% The addition of each phenylene spacer in the bridge. If a similar
coincidence of the emission spectra of Ru(tspy) Ru—(ph)— attenuation factor is applied to our systems, the electron transfer
Rh, and Ru-(phy,—Rh (Figure 1) confirms this assumption and  rate for Ru-(ph),—Rh would become (3.& 10°)/6 =5 x 10®
identifies the dyad emissions as originating from the Ru- s™%, clearly too slow to compete with the deactivation of the
containing unit. MLCT excited state.

In principle, the occurrence of photoinduced electron transfer It is instructive to compare the electron transfer rate constant
in the dyads should lead to a shortening of the measured lifetime,0bserved for Ret(ph)—Rh (3.0x 10° s7*) with that previously
7, relative to the intrinsic lifetime of the Ru-containing unit, measured (1.% 1P s™*) for the dyad3.” The two dyads are
(eq 2). Then, the electron transfer rate constant should besimilar in driving force and reorganizational energies (FCWD
calculated ak = (1/7) — (119).2 The lifetime obtained from in eq 3)%7 Thus, the main effective difference lies in the bridge
the emission decay of the Ru(ttgy) model, 860 ps (Figure (Has ineq 3). ltis seen that, although the metaietal distance
3a), can be considered as a lower limiting vatué for 70 in

_ _ (12) Maestri, M.; Armaroli, N.; Balzani, V.; Constable, E. C.; Thompson,
the Ru-(ph)~Rh and Ru-(phkx—Rh dyads (eq 2). The decay A M. W. C. Inorg. Chem 1995 34, 2759,
(13) Benniston, A. C.; Grosshenny, V.; Harriman, A.; ZiesselARgew.
(8) While for Ru—(ph)—Rh and Ru-(ph)—Rh the absorption spectra are Chem., Int. Ed. Engl1994 33, 1884.
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(ttpy)?* and Rh(ttpy)** (ttpy = 4'-p-tolyl-2,2:6,2'-terpyridine), Ru- (15) Sutin, N.Prog. Inorg. Chem1983 30, 441.

Rh exhibits a marked red shift in the ruthenium-to-ligand charge (16) Miller, J. R.; Beitz, J. V.; Huddlestone, R. B. Am. Chem. So02984

transfer band. This indicates that the ReRh complex is far from 106, 5057.

the limit of weak intercomponent interaction and implies that mono- (17) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.
nuclear Ru(itpyy™ cannot be used as a model for the Ru-based unit (18) This is as expected in the case of through-space electron tuniling,

in this dyad. The identification of a proper model system for this dyad but similar exponential laws hold for through-bond interactiqas a

is problematic (see Discussion). function of the number of intervening chemical bonds) or for
(9) This derivation assumes that the excited-state electron transfer process superexchange mechanigthd? (as a function of the number of

(eq 1) isirreversible, i.e., that the back-reaction to re-form the excited- repeating spacer units).

state is too slow to compete with that leading to the ground-state. (19) Hopfield, J. JProc. Natl. Acad. Sci. U.S.A974 71, 3640.

This is certainly true for the Ru(ph)—Rh and Ru-(ph)—Rh dyads, (20) Verhoeven, J. W.; Paddon-Row, M. N.; Warman, J. MPhotopro-

where the former process is substantially uphill in free energy. cesses in Transition Metal Complexes, Biosystems and Other Mol-
(10) It is known that, in Ru(ll) terpyridine complexes, the excited-state ecules. Experiments and Thepiochanski, E., Ed.; Kluwer: Dor-

lifetime is extremely sensitive to variations in the excited-state energy, drecht, The Netherlands, 1992.

with large increases in lifetime accompanying red shifts in MLCT (21) McConnell, HJ. Chem. Physl1961 35, 508.
spectrat~13 A careful inspection of the absorptibrand emission (22) Miller, J. R.; Beitz, J. VJ. Chem. Physl1981, 74, 6746.
(Figure 1) spectra indicates small red shifts relative to Ru(tpy) (23) Wasielewski, M. R. IrPhotoinduced Electron Transfeffox, M. A.,
increasing from Ru(phy,—Rh to Ru-(ph)—Rh, implying that ac- Chanon, M., Eds.; Elsevier: Amsterdam, The Netherlands, 1988; Part
curate, individuak® values could increase in the same order. A, p 161.
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is longer in Ru-(ph)—Rh (15.5 A, relative to 13.5 A foB),

the electron transfer is faster. This is a clear indication that

not only the length but also theatureof the bridge are relevant

to this comparison and that polyphenylene bridges are intrinsi-

cally more efficient than polymethylene ones in mediating

donor-acceptor electronic coupling. In eq 4, specific bridge

effects are contained in the exponential attenuation fettor

this respect, the valygé = 0.4 A~ obtained for polyphenylene

bridges by McLendott should be compared with values in the

rangef = 0.85-0.95 A typical of rigid aliphatic bridges5-2¢6
Ru—Rh. It has been previously pointed &étthat, in then

= 0 dyad, the direct linkage between the two coordination

spheres brings about a much stronger metattal electronic

Indelli et al.

be allowed for in this case. If, taking a limiting view, fast
equilibration between reactants and products of eq 1 were
assumed to precede any deactivation, the observed lifetime
would bear no information on the rate of the electron transfer
process but rather would reflect the intrinsic lifetimes of the
two states and the equilibrium distributih.An excited-state
equilibrium hypothesis of this type could probably help to
explain the peculiar aspect of the room-temperature-Riu
emission. In Figure 2, this emission is compared with that of
the Ru-Ru model complex. It is important to recall that the
Ru—Rh and Ru-Ru dyads have practically coincident absorp-
tion and low-temperature (77 and 150 K) emission spéctra
(which was the basis for suggesting RRu as the model
system). It is clear from Figure 2, however, that at room
temperature the RtRh emission is strongly shifted to the red
and has a much larger bandwidth relative to-fRu. Consider-

ing that in a strongly coupled system not only the metal-to-
ligand but also a metal-to-metal charge transfer state may be
emissive’®3lit is tempting to attribute the peculiar aspect of
the Ru—Rh emission to the presence of overlapping emissions
from these two types of excited states in fast thermal equilib-
rium.

Conclusions. From a structural point of view, the series of
dyads Ru-(ph),—Rh (n = 0, 1, 2) looks ideally suited for a
systematic investigation of the effect of the bridge on photo-
induced electron transfer. In practice, the experimental window

coupling than in the other cases. This is manifested by the fact for this type of investigation is rather narrow. On one side, the

that the MLCT absorption spectrum of R&h is clearly red-
shifted relative to that of the Ru(ttpy)- mononuclear complex
(and those of the Ru(ph)—Rh and Ru-(ph),—Rh dyadsf The
77K emission spectrum is also substantially red-shifted (0.1 eV)
relative to Ru(ttpy¥* and the longer dyads.From the energetic
standpoint, the main consequence is that, ir-Rhb, the excited-

member withn = 0 is of little use due to the strong electronic
coupling between the molecular components. Because of this,
(i) relevant properties (excited-state energies and lifetimes,
electron transfer driving force) are completely out-of-line with
respect to the rest of the series and (i) the interpretation of the
experimental results is made difficult by the lack of exact model

state electron transfer process (eq 1) is expected to be les¢ompounds. Dyads with = 1, on the other hand, are free of

exergonic than those in the other dyads, probably withG
value very close to 8.

such problems. With increasing, however, the limitation
comes from the intrinsically short (sub-nanosecond) lifetime of

The main problem in assessing the occurrence of such athe excited state of the Ru(ll) terpyridine chromophore. Thus,
process is the lack of a good model for the Ru-based moiety of Photoinduced electron transfer is observed on the picosecond

Ru—Rh. The inadequacy of Ru(ttp¥}, already suggested by

time scale fom = 1, but atn = 2 the rate is already too slow

the above-mentioned spectral shifts, is borne out by the lifetimes to compete with excited-state deactivation. Itis evident that a

obtained at room temperature: that of-Reh (17 ns) is much
longer than that of Ru(ttpy}* (860 ps). In the previous work,
it was proposed, on the basis of the similarity in absorption

long-lived Ru(ll) chromophore is needed to study bridge length
effects over a wider range, without losing electron transfer
efficiency. Studies in this direction are currently under \#ay.
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