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A series of binuclear Ru(IiyRh(l1l) complexes of general formula (ttpy)Ru-tpy-(phpy-Rh(ttpyP+ (n = 0—2)
have been synthesized, where ttpy'-p-tolyl-2,2':6,2'-terpyridine and tpy-(phtpy represents a bridging ligand
where two 2,26',2"'-terpyridine units are either directly linked togethar=€ 0) or connected through ona &

1) or two (h = 2) phenyl spacers in theé-position. This series of complexes is characterized by (i) rigid bridge
structures and (i) variable metainetal distances (11 A fon =0, 15.5 A forn =1, 20 A forn = 2). The

photophysics of these binuclear complexes has been investigated in 4:1 methanol/ethanol at 77 K (rigid glass)

and 150 K (fluid solution) and compared with that of mononuclear [Ru@pyand Rh(itpy)3*] or binuclear
[(ttpy)Ru-tpy-tpy-Ru(ttpy}*] model compounds. At 77 K, no quenching of the Ru(ll)-based excited state is
observed, whereas energy transfer from excited Rh(lll) to Ru(ll) is observed for all complexes. At 150 K, energy
transfer from excited Rh(lll) to Ru(ll) is again observed for all complexes, while quenching of excited Ru(ll) by
electron transfer to Rh(lll) is observed, but only in the complex witke 0. The reasons for the observed

behavior can be qualitatively understood in terms of standard electron and energy transfer theory. The different

behavior betweem = 0 andn = 1, 2 can be rationalized in terms of better electronic factors and smaller

reorganizational energies for the former species. The freezing of electron transfer quenching but not of energy
transfer, in rigid glasses reflects the different reorganizational energies involved in the two processes. Unusual

results arising from multiphotonic and conformational effects have also been observed with these systems.

inherent to bimolecular analogs. Indeed, studies on dyads have
greatly contributed to shaping our understanding of the effect

Introduction

Covalently-linked donor-acceptor systémemre a class of

supramolecular systems of great photochemical interest. The

simplest systems of this type, two-componeytéds, are suited

for the study of photoinduced electron and energy transfer
processe$:3® From a fundamental standpoint, such unimo-
lecular processes are free from many of the kinetic complications
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of basic physical factors (energy gradient, distance, intervening
bonds, medium, etc.) on the kinetics of electron and energy
transfer processes. On the other hand, very interesting applica-
tions of electron and energy transfer in more complex co-
valently-linked systems can be envisiorf€d*2 In multicom-
ponent systems such as “triads”, “tetrads”, etc., light absorption
can trigger sequences of electron transfer processes which, under
appropriate kinetic control, yield vectorial transport of electronic
charge®347 Also, energy transfer can be used, upon appropriate
organization in space and energy, to channel the excitation
energy from many chromophoric components to a common
acceptor compone 32 On this basis, important functiotts
such as thentenna effecandphotoinduced charge separation
can be obtained with relatively simple systems, and sensible
approaches toward more complex supramolecular systems for
artificial photosynthesis can be devis&d*’

Inorganic dyads, where the active components are transition
metal complexes, are attractive systems from several viewpoints.
In particular, these systems look extremely flexible in terms of
tailoring the energetics (excited-state energies, ground- and
excited-state redox potentials) by appropriate choice of metals

1 3+

Ru-Ru

Ru-Rh

and ligands. A number of inorganic dyads have been synthe-
sized and studied in recent yeadrs®® Among these, the
Ru(Il)—Rh(lll) dyad RU(Mezphen)(Mebpy—CH,CH,—Mebpy)-
Rh!"(Mezbpy)®t (Mexphen= 4,7-dimethyl-1,10-phenanthro-
line; Mebpy= 4-methyl-2-bipyridyl; Mebpy = 4,4-dimethyl-
2,2-bipyridine) was found to display a variety of intercomponent
energy and electron transfer proces¥es.

The subject of the present work is a series of related Ru-
(I —Rh(I) dyads, Ru-Rh, Ru-(ph)-Rh, and Ru-(ph).-Rh,
schematically shown in Figure 1b. The main differences with
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Ru-(ph)-Rh

Ru-(ph),-Rh
Figure 1. Structural formulas of the Ru(HRh(Ill) complexes.

respect to the previously studied systémre (i) the presence
of two terdentate ligands (based on'&22'-terpyridine, tpy)
at each metal center, instead of three bidentate ones, (ii) the
rigid nature of the bridges, ensuring a very strict control over
the metat-metal distance, and (iii) the tunability of the metal
metal distance by insertion of a variable number of phenyl
spacers between the two metal complex fragments. Terpyridine
complexes have several structural advantages over analogous
bipyridine-based specié8. In this specific case, point ii should
minimize kinetic complicatior® arising from conformational
freedom. Pointiii should allow the investigation of the distance
dependence of the electron and energy transfer processes, and
point i can be of special relevance toward the extension from
dyads to triad systems capable of performing two-step photo-
induced charge separation (e.g., from Ru{Rh(lll) to Ru-
(I0=Rh(ll)—A, where A represents a secondary electron
acceptor). With compounds based on tris-bidentate ligands, in
fact, this extension would meet with severe problems related
to the presence of geometrical isomers at the central unit of the
triad. Such problems are absent with complexes of the type
shown in Figure 1b, where the trans geometry at each metal
center is warranted. Together with these structural advantages,
complexes of such type have at least one experimental draw-
back. In fact, excited Ru(ll) bis(terpyridine) complexes are ex-
ceedingly weak emitters, with very short (subnanosecond) life-
times, at room temperatuf®. Therefore, low-temperature meas-
urements must be provided for, when such systems are studied.
We report here the photophysical properties of the Ru(ll)
Rh(l11) binuclear complexes shown in Figure 1b, with particular
regard to the possibility of observing intercomponent energy
and electron transfer processes. For purposes of comparison,
the properties of the mono- and binuclear complexes shown in
Figure 1a, suitable as model compounds (see Discussion), are
also reported.



Rigidly Bridged Ru(Il}>Rh(lll) Binuclear Complexes
Experimental Section

Preparation of the Compounds. The ligands ttpy, tpy-tpy, tpy-
(ph)-tpy, and tpy-(ph}tpy have been synthesized as described previ-
ously® The preparations of the model compounds Ru(H#iBF)2,
Rh(ttpyk(PFs)s, and (ttpy)Ru(tpy-tpy)Ru(ttpy) (R and the precursor
complexes Rh(ttpy)Gland (ttpy)Ru(tpy-(phytpy)(PF)2 (n = 0—2)
have been prepared according to literature metAd8.

(ttpy)Ru(tpy-tpy)Rh(ttpy)(PF 6)s (Ru-Rh). The complex Rh(ttpy)-
Cl; (45 mg, 0.085 mmol) and AgBR52 mg, 0.36 mmol) were refluxed
in acetone (40 mL), under argon, for 2 h. The reaction mixture was
filtered to remove AgCl. Then, ethanol (130 mL) was added and
acetone evaporated. To this solution was added (ttpy)Ru(tpy-tpy)(PF
(100 mg, 0.085 mmol), and the mixture was refluxed in air for 4 h.
The solvent was evaporated, and acetonitrile (50 mL) andsKP30

mg) were added. The hexafluorophosphate salts were precipitated by

addition of water (150 mL) and evaporation of acetonitrile. The
precipitate was washed with water 2 50 mL) and ether (2< 50
mL). Two complexes were isolated by silica gel chromatography
protected from light (eluent: C4€N, H,O, saturated aqueous KNO
(40/10/1 viv)): the expected dinucle®u-Rh (38 mg, 22%) and a
trinuclear complex (ttpy)Ru(tpy-tpy)Rh(tpy-tpy)Ru(ttpy) @% Ru-Rh-

Ru (117 mg, 24%).Ru-Rh: H NMR (200 MHz, DMSOés) & 10.06

(s, 2H), 9.85 (s, 2H) 9.66 (s, 2H), 9.52 (s, 2H), 9.32 (d, 2H, 8.1 Hz),
9.23 (d, 2H, 9.7 Hz), 9.18 (d, 2H, 8.3 Hz), 9.07 (d, 2H, 7.4 Hz), 8.55
(dd, 4H, 14.9 and 7.4 Hz), 8.45 (d, 2H, 8.5 Hz), 8.40 (d, 2H, 8.6 Hz),
8.19 (m, 2H), 8.12 (d, 2H, 6.1 Hz), 8.01 (d, 2H, 6.0 Hz), 7.67 (m,
10H), 7.39 (m, 6H), 2.57 (s, 3H), 2.55 (s, 3H); FAB-MS (nitrobenzyl
alcohol matrix)m/z= 1895.0 [(ttpy)Ru(tpy-tpy)Rh(ttpy)(R" requires
1895.1]. Ru-Rh-Ru: H NMR (200 MHz, CQCN) 6 9.65 (s, 4H),
9.5 (s, 4H), 9.07 (s, 4H), 9.03 (d, 2H, 8.02 Hz), 8.89 (d, 4H, 8.4 Hz),
8.71 (d, 4H, 8.0 Hz), 8.46 (dd, 4H, 8.0 and 8.0 Hz), 8.07 (m, 8H), 7.96
(d, 8H, 5.0 Hz), 7.64 (m, 12H), 7.49 (d, 4H, 5.6 Hz), 7.28 (m, 8H),
2.56 (s, 6H); ES-MS3nz = 1302.4 [(ttpy)Ru(tpy-tpy)Rh(ttpy) (R¥=>H/

2 requires 1302.8].

(ttpy)Ru(tpy-(ph)-tpy)Rh(ttpy)(PF 6)s (Ru-(ph)-Rh). This com-
pound was synthesized as describedRarRh (yield 27%): 'H NMR
(200 MHz, CXCN) 6 9.33 (s, 2H), 9.20 (s, 2H), 9.12 (s, 2H), 9.03 (s,
2H), 8.91 (d, 2H, 7.9 Hz), 8.79 (d, 2H, 8.0 Hz), 8.77 (d, 2H, 8.0 Hz),
8.67 (d, 2H, 7.8 Hz), 8.66 (s, 4H), 8.34 (dd, 4H, 14.3 and 6.6 Hz),
8.17 (d, 2H, 8.2 Hz), 8.13 (d, 2H, 8.0 Hz), 7.99 (dd, 4H, 24.3 and 6.6
Hz), 7.84 (d, 2H, 5.5 Hz), 7.78 (d, 2H, 5.5 Hz), 7.57 (m, 12H), 7.22
(m, 4H), 2.57 (s, 3H), 2.55 (s, 3H); ES-M%&z = 913.3 [(ttpy)Ru-
(tpy-ph-tpy)Rh(ttpy)(PE)s?"/2 requires 913.1].Ru-(ph)-Rh-(ph)-Ru
(6%): 'H NMR (200 MHz, CBCN) 6 9.31 (s, 4H), 9.19 (s, 4H), 9.03
(s, 4H), 8.89 (d, 4H, 7.6 Hz), 8.76 (d, 4H, 7.8 Hz), 8.68 (d, 4H, 7.7
Hz), 6.65 (s, 8H), 8.38 (dd, 4H, 8.0 and 8.0 Hz), 8.14 (d, 4H, 8.2 Hz),
8.99 (dd, 8H, 6.2 and 1.0 Hz), 7.86 (d, 4H, 5.8 Hz), 7.55 (m, 16H),
7.23 (m, 8H), 2.56 (s, 6H); ES-M8vz = 1378.7 [(ttpy)Ru(tpy-ph-
tpy)Rh(tpy-ph-tpy)Ru(ttpy)(P&s2"/2 requires 1378.9].

(ttpy)Ru(tpy-(ph) >-tpy)Rh(ttpy)(PF e)s (Ru-(ph)2-Rh). This com-
pound was prepared as described Ru-Rh (yield 35%): 'H NMR
(200 MHz, DMSO#s) 6 10.16 (s, 2H), 9.75 (s, 2H), 9.64 (s, 2H), 9.59
(s, 2H), 9.30 (d, 4H, dd, 7.1 and 7.1 Hz), 9.16 (dd, 4H, 6.8 and 6.8
Hz), 8.44 (m, 12H), 8.08 (m, 4H), 7.63 (m, 12H), 7.31 (m, 4H), 2.57
(s, 3H), 2.55 (s, 3H); ES-M8Vz = 951.5 [(ttpy)Ru(tpy-(phtpy)Rh-
(ttpy)(PRs)s?t/2 requires 951.2).

Apparatus and Procedures. The instruments and procedures used
to obtain'H NMR spectra, mass spectra, and cyclic voltammograms
were described in a previous papérThe instruments and procedures
used to obtain UV-vis absorption, emission, and excitation spectra
were also as described in a previous paer.

The transient emission experiments were performed using 532-nm
pulses (half-width 6-8 ns, maximum pulse energy 300 mJ) from a
frequency-doubled Continuum Surelite 11 Q-switched Nd-Yag laser.
The transient signals were recorded on a LeCroy 9360 digital storage
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Soc, Chem Commun 1993 434.
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L.; Flamigni, L.; Balzani, V.Inorg. Chem 1991, 30, 4230.
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Scheme 1

n =0: Ru-Rh
n =1 : Ru-(ph)-Rh
n =2 : Ru-(ph),-Rh

oscilloscope. Laser actinometry was made using the Rufbpyiplet
as the standard.

Low-temperature measurements were made with an Oxford Instru-
ments DN 704 cryostat equipped with quartz windows, 1-cm spectro-
fluorimetric cuvettes, and an Oxford DTC-2 temperature controller.
For the laser experiments, the cell holder of the cryostat was designed
to house two cells. This allows for a comparison between two samples
(the binuclear complex and the model complex) at rigorously constant
temperature.

Results

Synthesis of the ComplexesThe general preparation of the
ruthenium-rhodium complexes is given in Scheme 1. The key
complexes (ttpy)Ru(tpy-(phtpy)(PF)2 (n = 0—-2) for the
synthesis of the heterodinuclear compounds have been obtained
as described previousfy. The ruthenium complex bearing a
free terpyridine site is allowed to react with (ttpy)Rh{L =
acetone) in refluxing ethanol for 4 h. The latter was obtained
similarly to its ruthenium analogue by replacing the chloride
ligands of the complex (ttpy)Rhgby solvent molecules using
AgBF, in refluxing acetone. In two cases, after column
chromatography, a trinuclear complex could be isolated (Chart
1). Its formation is explained by reduction of the rhodium(lil)
center to rhodium(l) during the complexation reaction followed

(56) Braterman, P. S.; Harriman, A.; Heath, G. A.; Yellowless].IChem
Soc, Dalton Trans 1983 1801.
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Figure 2. Absorption spectra in acetonitrile solution at room temper-
ature: (a) of the model compoungs! (1), Ru-Ru (2), Rh (3); (b) of
Ru(I)—=Rh(lll) binuclear complexeRu-Rh (4), Ru-(ph)-Rh (5), Ru-
(ph)2-Rh (6).

by ligand scrambling. Indeed, the coordination sphere of the
rhodium(l) metal is labile and ligand interchange can easily
occur. This assumption is confirmed in the synthesis of an
asymmetrical bis(terpyridine)rhodium(lll) complex. A pro-
longed reaction of the rhodium precursor Rh(ttpyyL with
4-anisyl-2,2.6',2"-terpyridine (atpy) leads to three complexes
Rh(ttpy)(atpy¥", Rh(ttpyp3t, and Rh(atpyf' in statistical
proportion, respectively 50, 25, and 25% as indicatedtby
NMR and FAB-MS spectra.

Absorption Spectra. The absorption spectra of the RuH)
Rh(lll) binuclear complexes are shown in Figure 2 together with

Indelli et al.

Table 1. Redox Potentials of the Ru(tHRh(lll) Binuclear
Complexes and of the Model Compoufds

redox process

complex Ru(ll/Ru(ll)  Rh(I)/Rh(l) L/L-(1Q) L/L(2)
Ru +1.25 —-1.24 —1.46
Ru-RuP +1.31 -093 -1.24
Rh —0.5#

Ru-Rh +1.31 —0.54 —-1.22 -1.44
Ru-(ph)-Rh +1.29 —0.56 -1.18 -1.41
Ru-(ph)-Rh +1.27 —0.56¢ -1.20 -1.37

a Cyclic voltammetry in CHCN solution at room temperature, 0.1
M BusNBF,, glassy carbon working electrode, vs SCE; values
calculated as averages of the cathodic and anodic pe&ksm ref
53. ¢ Irreversible process; cathodic peak potential.

the redox potential is substantially more positive with respect
to Ru. The value forRu-Rh is exactly the same as that for
Ru-Ru.

As far as reduction is concerned, in the 8105 V vs SCE
cathodic range, a two-electron irreversible process followed by
two reversible reduction waves is observed. The first process
is assigned by comparison with the behavior of itemodel
to the Rh(Ill) component. The irreversible character of this
reduction process is expected on the basis of what is known
about the redox behavior of Rh(lll) polypyridine compleXé8
and strongly suggests that the reduction occurs at the metal.
The two subsequent reduction waves fall in the same range of
potentials as those for the reduction of the ttpy ligands
coordinated to Ru(ll) center. Given the irreversible character
of the first reduction process, however, it is difficult to say
whether such processes involve initial or decomposed species.

Emission Measurements. The photophysical behavior of
the binuclear complexes was investigated in 4:1 ethanol/
methanol at 300 K, at 150 K (fluid solution), and at 77 K (rigid
matrix). The experiments carried out consist generally of
comparing the emission properties of the Ru{Rh(lll) bi-
nuclear complexes with those of the appropriate (see Discussion)
model compound. In order to avoid precipitation problems at
low temperatures, dilute solutions ¢6 10~ M) were always
used.

(a) 300 K. All the complexes examined exhibit exceedingly
weak emission at room temperatéd?@! Under these conditions,
even very small amounts of impurities may alter the results and
prevent any meaningful analysis.

(b) 150 K Fluid Solution. At 150 K, Ru and theRu-Ru

the spectra of some model compounds (see Discussion). Thepgdel complex emit, whereas tfeh model is practically

visible region is characterized by the metal-to-ligand charge
transfer (MLCT) transitions of the Ru(ll) component. FRu-
(ph)-Rh and Ru-(ph),-Rh, the MLCT absorption maxima
practically coincide with that of th&®u model. ForRu-Rh,

nonemitting. All the Ru(Il}-Rh(lll) binuclear complexes were
found to exhibit Ru-based emission. As in the case of
absorption (Figure 2), foRu-(ph)-Rh and Ru-(ph).-Rh, the
emission maximaA(= 655 nm and 648 nm, respectively) are

on the other hand, the MLCT absorption maximum is substan- ¢|pse to that of th&ku model ¢ = 645 nm). ForRu-Rh, on

tially red-shifted with respect tBu and exactly coincides with
that of theRu-Ru model. The UV region is dominated by
ligand-centered (LC) transitions of both the Ru(ll) and Rh(lll)
components. The comparison with the spectrum of Rie

the other hand, the emission maximuh € 720 nm) is
substantially red-shifted with respect to tRet model and is
close to that of thé&ku-Ru model ¢ = 708 nm). ForRu-(ph)-
Rh and Ru-(ph),-Rh, experiments carried out upon visible

model complex allows us to assign the shoulders at 360 andyCT excitation on absorbance-matched solutions gave the

330 nm to the Rh(lll) component. With increasing number of

same emission intensity as fleu (Figure 3). This result clearly

phenyl groups, the absorption in this spectral region increasesipgicates that, for these binuclear complexes, no quenching of

and shifts slightly to lower energy.

Electrochemical Behavior. The electrochemical results
obtained for the Ru(ll-Rh(lll) binuclear complexes are
gathered in Table 1 together with the results available for the
model complexes. In the binuclear complexes, ruthenium is
oxidized at slightly more positive potentials with respedrta

As the metat-metal separation distance decreases, a gradualsg,

anodic shift in the redox potential is observed. Rar-Rh,

the Ru(ll)-based excited state takes place at this temperature.
For Ru-Rh, on the other hand, the comparison between the

(57) Creutz, C.; Keller, A. D.; Schwartz, H. A.; Sutin, N.; Zipp, A. P. In
Mechanistic Aspects of Inorganic ReactipriBorabacher, D. B.,
Endicott, J. F., Eds.; ACS Symposium Series 198; American Chemical
Society: Washington, DC, 1982; p 385 and references therein.
Creutz, C.; Keller, A. D.; Sutin, N.; Zipp, A. B. Am Chem Soc
1982 104 3618.
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' o ’ ”"_1 ] ) Figure 5. Experimental emission decays recorded at 650 nm following
Figure 3. 150 K emission spectra (isoabsorptive $0|UF'°"¥$G 490 excitation of Ru-(ph).-Rh (a) andRu (b) at 532 nm (isoabsorptive
nm) of Ru (1), Ru-(ph)2-Rh (2), andRu-(ph)-Rh (3) in 4:1 ethanol/ solutions) with a high intensity (% 104 M incident photon/pulse)
methanol. laser pulse.

Table 2. Emission Lifetimes of the Ru(IyRh(lll) Binuclear

10 Complexes and of the Model Compoufds
(77 K) (150 Ky (77 K) 7(150 Kp
osk complex  (us) (us) complex (us) (us)
Ru 13.5 3.2 Ru-Rh 12.5 <0.1
Ru-Ru 12.9 35 Ru-(ph)-Rh 13.0 3.0
2081 Rh 25  <0.030 Ru-(ph)-Rh 13.2 35
é 2|n 4:1 ethanol/methano?.Aerated solution.
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Figure 4. Excitation spectra oRu-(ph)-Rh at 150 K (continuous Qo
line) and at 77 K (dotted line) in 4:1 ethanol/methanol. o

emission quantum yield¥) and that of theRu-Ru model @)
(absorbance-matched solutions at 516 nm excitation wavelength)
gave®y/® = 5. This indicates that an efficient quenching of
the Ru(ll)-based excited state occurs in this complex. 2
The excitation spectra of the Ru(ll)-based emissionRar O L 1 L ;
(ph)2-Rh andRu-(ph)-Rh matched very closely the absorption 0 ! 2 N 4 20
spectra. As an example, the excitation spectrurRof(ph).-
Rh is shown in Figure 4. It can be pointed out that, in this Figure 6. Dependence of the apparent quenching observed in laser

spectrum, features characteristic of the Rh(lll) absorption (peaks &XPeriments (see text) fétu-(ph).-Rh (solid circles) anRu-Rh (solid

at 330 and 360 nm) are clearly observed. Rar-Rh, the squares) as a function of laser intensity. The open symbols correspond
idual Ru-b d S y hi o b ' f hto the ®,/® values obtained in the stationary spectrofluorimetric

residual Ru-based emission, much less intense because of thg, ,eriments. Units of pulse intensity correspond to a concentration of

quenching process, was not sufficient to give a precise excitationincigent photons of x 10-5 M.
spectrum.

The emission properties of the binuclear complexes were alsodecreasing the pulse intensity, however, we observed the
studied in pulsed experiments with a Nd/YAG laser at 532 nm. difference in intensity between thu-(ph),-Rh andRu traces
These experiments were initially performed at full laser power, to decrease. The ratio of emission quantum yieldRwf{®g)
corresponding to 2 1074 M incident photons/pulse. Under and Ru-(ph),-Rh (®), obtained from initial intensities and
these conditions, transient emissions shown in Figure 5 werelifetimes of the transient emissions, are plotted as a function of
obtained folRu-(ph),-Rh or theRu model. The initial intensity pulse intensity in Figure 6. It is seen that, when the pulse
of the transient emission is strongly reduced with respect to intensity tends to zero, the value ®§/® tends to coincide with
the Ru model, but the lifetimes are quite comparable (Table the result Po/® = 1) obtained in stationary spectrofluorimetric
2). There is an evident discrepancy between the apparentexperiments. In other wordap quenching takes place at low
quenching (albeit of intensity and not of lifetime) observed in laser pulse intensity
this pulsed experiment and the lack of quenching obtained in The same type of behavior was observed for fhe(ph)-
the corresponding stationary measurements (Figure 3). In orderRu complex.
to explain this discrepancy, laser experiments at varying pulse For the Ru-Rh complex, qualitatively similar results were
intensity were performed. At each pulse intensity, the results also obtained in laser experiments: (i) apparent quenching of
were qualitatively of the same type as in Figure 5. Upon emission intensity that decreases with decreasing laser pulse

EN

Pulse Intensity
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Figure 7. 77 K emission spectra in a 4:1 ethanol/methanol rigid
matrix: (a) of the model compound®u (1), Ru-Ru (2), Rh (3); (b)

of Ru(Il)=Rh(lll) binuclear complexestfx, 514 nm)Ru-Rh (4), Ru-
(ph)-Rh (5), Ru-(ph)2-Rh (6).

intensity; (ii) residual emission with a long lifetime comparable
to that of theRu-Ru model complex. However, for thiRu-

Rh complex, when the laser intensity tends to zero, the
quenching does not disappear completely, dgtd tends to
the value Po/® = 5) obtained in the spectrofluorimetric

Indelli et al.
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Figure 8. Emission behavior of th&®u-Rh complex in 4:1 ethanol/
methanol at 77 K: (a) emission spectra obtained upon excitation at
510 nm (continuous line) and at 490 nm (dotted line); (b) excitation
spectra measured &tm 700 nm (continuous line) and atm 640 nm

(dotted line).

As far as the laser pulsed experiments are concerned, results
similar to those observed at 150 K (apparent quenching
dependent on laser pulse intensity) were observed, although
detailed quantitative experiments were not performed at this
temperature. In all cases, the emission decays were strictly
exponential with lifetimes practically identical to those of the
models (Table 2).

The excitation spectra matched very closely the absorption
spectra for all Ru(Il-Rh(lll) binuclear complexes. The 77 K
excitation spectrum dRu-(ph),-Rh is reported in Figure 4, as
an example.

Discussion

Molecular Components and Model Compounds. The
substantial additivity of the spectroscopic and electrochemical
properties of the molecular components in the Re{Rh(lll)

experiments (Figure 6). No short component experimentally binuclear complexes investigated in this study (Figure 2 and

distinguishable from the profile of the excitation pulse <

Table 1) points toward a relatively weak degree of memaétal

100 ns) was obtained from the analysis of the emission decayelectronic coupling and warrants a localized description of these

traces measured at any laser intensity.
(c) 77 K Rigid Matrix. As in the 150 K experiments, all

system$! As usual, some caution must be used in the
definitions of the molecular components and of the model

the binuclear complexes were found to exhibit Ru-based compounds that are used to infer their intrinsic properties. For

emission upon visible excitation. There was no indication of
any Rh(lll)-based emission upon UV excitation. The emission
spectra of the binuclear Ru(fhRh(Ill) complexes are shown
in Figure 7 together with those of the model compounds. In
going from fluid solution to rigid matrix, there is a blue shift,
as expected from the MLCT character of the emisSforfor
Ru-(ph),-Rh and Ru-(ph)-Rh, the emission intensities of

Ru-(ph)-Rh andRu-(ph),-Rh, the redox potentials for oxidation

of ruthenium and reduction of rhodium (Table 1) are very close
to those of the mononuclear compleX®s andRh. Also, the
MLCT absorption maxima in the visible spectra practically
coincide with that of th&Ru model (Figure 2). FoRu-Rh, on

the other hand, the redox potential for oxidation of ruthenium
and especially the MLCT absorption maximum are substantially

absorbance-matched solutions were very close (within the shifted (to more positive values and to the red, respectively)

experimental error) to that of tHeu model. Also, the emission
quantum yield ofRu-Rh was practially identical to that of the
Ru-Ru model. These results clearly indicate that for all

with respect tdRu. Although this could be taken, at first sight,

as an indication of strong metainetal coupling (perturbation
of the properties of the Ru(ll) center by the electron-withdrawing

complexes no quenching of the Ru-based excited state takedRh(lll) center), this explanation is ruled out by the fact that

place under these conditions.
In the case oRu-Rh, an anomalous emission behavior was

exactly the same shifts are observed Ru-Ru (Table 1 and
Figure 2) or the analogous R®Ds complexX! This indicates

observed. The emission spectrum was remarkably dependenthat the peculiarity ofRu-Rh with respect to the other two

on excitation wavelength (Figure 8a). A corresponding depen-
dence of the maximum of excitation spectrum on the emission
wavelength was observed (Figure 8b). A similar anomalous

emission behavior was also exhibited by Re-Ru model®°

(59) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord Chem Rev. 1988 27, 4587.

(60) In fluid solution at 150 K, wavelength effects on the emission and
excitation spectra disappear fRu-Ru. ForRu-Rh, on the other hand,
accurate emission/excitation experiments are precluded by the quench-
ing process.

(61) Quantitative evidence for the degree of metaktal electronic
coupling in systems with the same bridges comes from intensities of
intervalence transfer transitions in analogous Ru(Ru(lIl) com-
plexes>3
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Table 3. Relevant Energy Parameters and Driving Forces for the

E(eV) Intercomponent Processes of Figure 9
Al Ru(l)-'(LC)R(ll) E0-0a EXRuU*P ECYRh*P AG°(a) AG(b) AG°(c)
A complex (eV) V) V) €eVv) (eVv) (eV)
ps Ru 197 -0.72
Ru-Ru 1.84#4 —0.53
3 Rh 2.38 +1.84
(MLCT) Ru(l-Rhlll s Ru-Rh 1.84 —0.53 +1.84 +0.01 —-0.53 -—-0.54
T %ps ¢ e Ru(ll)=(MC) Rhlll Ru-(ph)-Rh 1.9% —0.66 +1.82 —-0.10 —-0.53 -0.43
s e Ru-(ph)-Rh 1.97 -0.70 +1.82 -0.14 —-0.55 -0.41
(MLCT)Ru(I)-Rh(ll) -~ b
2 P _Ruqli-Rnqy # aTaken from 77 K emission spectra (Figure 7{alculated from
: E®° and redox potentials of the ground states (Table® )"
4Onset.
1= 3us d <30ns irreversible character of the electrochemical Rh(lll) reduction
and the possibility that the Ru(IBRh(ll) state is stabilized
v relative to the electrochemical prediction by intercomponent
Ru(ll)-Rh(lli interaction (the latter effect could be more relevant for the

0=

shorter systems, e.g., f®u-Rh, where the slightly positive
Figure 9. General energy level diagram for the Ru@tRh(lll) AG valye reported .m Table 3 could .aCtuaI!y pe elther. zero or
binuclear complexes. For definition of states, see text. Intracomponenteven slightly negat!ve). In. cpnclusmn, within experlmgntal
deactivation processes are indicated by continuous arrows. Indicativedccuracy, the following predictions can be made concerning the
lifetimes are given for such processes at 150 K. Possible intercom- thermodynamic feasibility of the various possible intercompo-
ponent transfer processes are indicated by dotted arrows. nent transfer processes: (i) energy transfer from excited Rh-

() to Ru(ll) (processc in Figure 9, eq 4) substantially
members of the series is essentially related to special properties

of the “double-terpy” ligand present on the Ru(ll) center, quite 3(MLCT)Ru(I) —Rh(Ill) — Ru(lll)—Rh(I1) 1)
independent of the nature of the second metal center. Probably

because of partial delocalization over the two tpy moieties, this Ru(I)—3*(MC)Rh(IIl) — Ru(lll)—Rh(II) 2
bridging ligand appears to have* orbitals of lower energy

than the phenylene-linked ones. In conclusion, different Ru(11)=Rh(1l) — Ru(I)—Rh(lII) 3)
compounds should be taken as models for the properties of the

molecular components in this series: for the Ru(ll) and Rh(lll) Ru(I)—3(MC)Rh(Ill) — 3MLCT)Ru(ll)—Rh(lll) (4)

centers oRu-(ph)-Rh andRu-(ph)2-Rh, the mononucleaRu . .
andRh complexes provide good models; for the Ru(ll) center €Xergenic for all complexes; (i) electron transfer from Ru(ll)
of Ru-Rh, an appropriate model is represented by the binuclear t0 excited Rh(lll) (procesb in Figure 9, eq 2) is substantially
Ru-Ru complex. exergonic for all complexes; (|||) e]ectron transfer from excited
Energy Levels. A general energy level diagram for the Ru- Ru(ll) to_ Rh(l1T) (processa_ In Figure 9,_eq 1) is almost
(I —Rh(lll) complexes is shown in Figure 9. The diagram So€rgonic forRu-Rh and slightly exergonic foRu-(ph)-Rh
holds for Ru-Rh, Ru-(ph)-Rh, andRu-(ph),-Rh, with minor andRu-(ph)z-.Rh; (iv) chargg rgcomblnatlon (procesdin Figure
guantitative differences between the three complexes. The9 €4 3) is hlghly exergonic in all cases.
excited states represented are as follows: (i) the local excited Ph_otophysm; of the Binuclear Complexe;.The photo-
states involved in selective excitation of the two molecular PPYsical behavior of the Ru(H)Rh(lll) systems is complicated
components, i.e., the singlet MLCT state of Ru(ll) and the °Y S0me peculiar effects (conformational problems and mul-
singlet ligand-centered (LC) state of Rh(Ill); (ii) the lowest, tlphotonlc_effects) WhICh will be d|scussed_ in some detail in
long-lived, emitting local excited states, i.e., the triplet MLCT later sections. Aside from these cpmpllcatlons, the main
state of Ru(ll) and the triplet metal-centered (MC) state for Rh- photophysical results can be summarized as fo!lows.
(Ill); 62 (jii) the intercomponent electron transfer state. Indicative At 77 K, both the stationary spectrofluorimetric results and
lifetimes are given, corresponding to the main deactivation € Pulsed laser results (after cleaning from multiphotonic
processes within each molecular component at 150 K. The effects) |nd|cat(_a that the Ru(ll)_-based excited state is not
values for the lowest triplet excited states are based on directdu€nched (relative to the appropriate model compound), for any
evidence (Table 2), while the time scale indicated for population ©f e Ru(ll)=Rh(lll) complexes of this series. This shows that
of such states from the singlets reached by absorption are based't'amolecular electron transfer from excited Ru(ll) to Rh(lll)
on analogy with what is known for related bipyridine sys- (Processain Figure 9, eq 1) is inefficient for all complexes
tems8364 In Figure 9, possible intercomponent transfer pro- und.erthese conditions. leer! Fhe lifetime of thg Ru(!l)-based
cesses are indicated by dotted arrows. excited state under these conditions (Table 2), this indicates that

—1
Relevant energy values for the various excited states, obtaineothiﬂ%%eis tr)ntlr?t”?av;e f_‘ rate const?ﬂlﬂlcﬁ_s -t . it q
from spectroscopic and electrochemical data on complexes andth | d, | 0 €s ft‘ |onfarg spec go u?tnme re _rctjasu t's an f
model compounds, are given in Table 3. Two main factors limit e pulsed laser results of Figure 5 (after consideration o

the accuracy of the energy estimates in these systems: themul_tiphotonic _effects, Fig_ure 6) indicate that the R“(“)'bé‘sed
uracy gy est ! y excited state is substantially (ca. 80%) quenched (relative to

the appropriate model compound) fBu-Rh but not for Ru-

(62) Frink, M. E.; Sprouse, S. D.; Goodwin, H. A.; Watts, R. J.; Ford, P.

C. Inorg. Chem 1988 27, 1283. (ph)-Rh and Ru-(ph)-Rh. This shows that electron transfer
(63) Kirk, A. D.; Hoggard, P. E.; Porter, G. B.; Rockley, M. G.; Windsor,  from excited Ru(ll) to Rh(lll) (procesa in Figure 9, eq 1) is

M. W. Chem Phys Lett 1976 37, 199. . efficient for Ru-Rh but not forRu-(ph)-Rh andRu-(ph)»-Rh.
(64) In picosecond laser flash photolysis, formation of the LC triplet state . L :

of Rh(|||) p0|ypyr|d|ne Comp|exe5 is Comp|ete in< 30 ps (M. T. Given the intrinsic lifetimes of the Ru(ll)'based excited states

Indelli and N. Serpone, unpublished results). of the three complexes in these conditions (Table 2), this means
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that the process has a rate constant 3 x 1(° s ! for Ru- tive radii of 5.1 A for the two metal polypyridine moietiés72
Rh85 andk =< 3 x 1P s71 for Ru-(ph)-Rh andRu-(ph)2-Rh. An inner-sphere frequency value;, of 500 cnT! could be

At both 77 and 150 K, the excitation spectra of the Ru(ll)- appropriate for all complexes. This choice reflects the following
based emission (Figure 4) clearly indicate efficient population assumptions: (i) internal reorganization is negligible in thg(t
of the Ru(ll)-based excited state following light absorption by (t2g)® Ru(lll)/Ru(ll) couple; (ii) reduction of the Rh(Ill) terpy-
the Rh(lll)-based chromophore. This shows that energy transferridine complexes takes place at the metal cefitéii) internal
from excited Rh(lll) to Ru(ll) (process in Figure 9, eq 4) is reorganization can be significant for theg(®/(t.g)%ey*)* Rh-
efficient under these conditions. Given the lifetimes of the Rh- (lII)/Rh(Il) couple”® A reasonable estimate of the internal part
(In)-based excited state under these conditions (Table 2), this of the reorganizational energy is a value®f 2 (i.e. 1i =
indicates that the process has rate constants4 x 10° st 1000 cnT1?).
(77 K) andk = 3 x 107 s7* (150 K) for all complexes. This Individual values ofHag are clearly needed for the three
also shows that the energy transfer process is faster, under theseomplexes, involving bridges of different length. Tiwgative
conditions, than the potentially competing electron transfer magnitude of the electronic matrix elements for the three
process from Ru(ll) to excited Rh(lll) (procebsn Figure 9, complexes can be inferred from the intensities of the intervalence
eqg 2). transfer bands in the analogous RufiRu(lll) species inves-

Kinetic Aspects. The above summarized photophysical tigated by Launay and co-workets. These intensities yield
results can be discussed, and at least qualitatively rationalized values of 380, 240, and 180 céifor Ru-Ru, Ru-(ph)-Ru, and
in terms of standard electron transfer the®ry® Letus assume  Ru-(ph)-Ru, respectively. A proportional decrease in elec-
that intercomponent electronic coupling is sufficiently small that tronic factors, which reflects the decreasing coupling ability of
the reactions belong to the nonadiabatic regime. In a simple the bridging ligands, is likely to be appropriate also for the Ru-
approximation in which the solvent modes (average frequency, (II) —Rh(Ill) series. On the other hand, it must be pointed out
Vo) are treated classicallyif, < kgT) and the internal vibrations  thatabsolutevalues are expected to be smaller for the Ru(ll)
are represented by a single mode of average frequency Rh(lll) case (where the bridge-mediated orbital overlap is
thermally frozen and treated quantum mechanically, the rate between ar t,q orbital of Ru and a e;* orbital of Rh) than for

constant is given by the Ru(lly-Ru(lll) case (where the bridge-mediated orbital
overlap is between a tyg orbital of Ru and ar tyg orbital of
ko = (27/h)H 55 *(FCWD) (5) Ru)./4 An appropriate scaling down of the RutHRu(lll) data,

based on spectroscopic data for othetr vs 7—o systemgz 77
yields values of 130, 80, and 60 cfnfor Ru-Rh, Ru-(ph)-

Rh, andRu-(ph),-Rh, respectively. The above set of param-
eters, though by no means unique, is based on plausible

whereHag is the electronic coupling matrix element and the
Franck-Condon weighted density of states, FCWD, is given

by assumptions and can be used as a basis for discussing the rate-
. 2 determining factors in this system.
. 1 s s" (AG® + 4, + mh) (a) Electron Transfer from Excited Ru(ll) to Rh(IIl)
FCWD= —1,26 H ex 4 kT (Processa in Figure 9, Eg 1). Using the above discussed set
(472 KgT) mE 0 ©) of values and egs 5 and 6 at 150 K, the following rate constants

for electron transfer from excited Ru(ll) to Rh(lll) are ob-
tained: Ru-Rh, 5 x 1 s™%; Ru-(ph)-Rh, 1 x 1¢° s%; Ru-
(ph)2-Rh, 4 x 10* s™1. Since the lifetime of the Ru(ll)-based
excited state at this temperature is cau$ for all model
?mplexes (rate constant for excited-state decay cax3L8P

1), the occurrence of electron transfer quenchingRarRh
but not forRu-(ph)-Rh and Ru-(ph),-Rh can be understood,
at least qualitatively, on kinetic grounds. The system with the

'shortest bridge is favored by both a larger electronic factor and
Pa smaller outer-sphere reorganizational energy, despite its
apparently less favorable driving force.

The reason for the general slowness of these processes is the
low temperature: all of them are in the Marcus “normal” free
energy region and thus are thermally activated. Upon an
increase in the temperature from 150 K to, e.g., 300 K, the rate

In this expressionS = Zi/hy; is the electror-phonon coupling
strength (representing the degree of distortion in the high-
frequency mode accompanying electron transfge@ndAi, are

the inner-sphere and outer-sphere reorganizational energies, an
the summation extends over the number of quanta of inner
vibrational modes in the product state,

Values for the parameters in eqs 5 and 6 can be estimated
for the three complexes of the series, under reasonable assum
tions. For the outer-sphere reorganizational energy vadlye,
values of 6200, 8000, and 8800 chare given by the standard
two-sphere dielectric continuum model with intercomponent
(meta-metal) distances of 11, 15.5, and 2634or Ru-Rh,
Ru-(ph)-Rh, andRu-(ph),-Rh, respectively? and representa-

(65) Under the experimental conditions used, the lack of an observable
time-resolved fast decay corresponding to the quenched emission (71) Following the approach of Brunschwig efain the two-sphere model,

suggests a lower limiting value of & 10° s71, each molecular component can be modeled by a “representative
(66) Marcus, R. A.; Sutin, NBiochim Biophys Acta 1985 811, 265. sphere”, with an effective radius obtainable from CPK models. For
(67) Jortner, JJ. Chem Phys 1976 64, 4860. both molecular components of our Ru(HiRh(lIl) dyads (identified
(68) Sutin, N.Prog. Inorg. Chem 1983 30, 441. as (ttpy)M(tpy) fragments), this procedure gives a value of 5.1 A for
(69) Miller, J. R.; Beitz, J. V.; Huddlestone, R. K.Am Chem Soc 1984 the radii of the representative spheres.

106, 5057. (72) Brunschwig, B. S.; Ehrenson, S.; Sutin, NPhys Chem 1986 90,
(70) As correctly pointed out by a reviewer, various types of distances are 3657.

actually involved in the electron transfer processes of Figure 9: Ru- (73) This assumption is in line with the observed irreversibility of the Rh-

based tpy fragment to Rh, for electron transfer from excited Ru(ll) to (1) reduction.

Rh(lll) (processa); metal-to-metal, for electron transfer from excited  (74) Braterman, P. Sl. Chem Soc A 1966 1471.

Rh(lll) to Ru(ll) (processh) and for back electron transfer (process (75) A 3-fold reduction irHag is found, e.g., by comparing the intervalence
d). Unfortunately, such details cannot be accommodated in a simple transfer bands of (CNJFé' —CN—Fe!' (CN)s®~ (tzg to t2g)"® and (CN}-
two-sphere model, where the use of a center-to-center distance is the Fe'—CN—Cd" (CN)s~ (tzg to €y*).""

only allowed option. For this, in addition to the other approximations (76) Glauser, R.; Hauser, U.; Herren, F.; Ludi, A.; Roder, P.; Schmidt, E.;
made in the calculation, the obtainéglvalues should be regarded as Siegenthaler, H.; Wenk, . Am Chem Soc 1973 95, 8457.
indicative figures. (77) Vogler, A.; Kunkely, HBer. Bunsen-Ges?hys Chem 1975 79, 301.
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constants are expected to increase, according to eqs 5 and 6 Multiphotonic Effects. One of the problems encountered
from the microsecond to the nanosecond time scale. Unfortu-in this study has been an apparent quenching of emission
nately, however, the lifetimes of the Ru(ll)-based excited states intensity observed in laser experiments, which did not match
in these complexes are also expected to shorten quite substanthe spectrofluorimetric results (Figures 3 and 5). The careful
tially with increasing temperature (for (Ru(tp¥) andRu at examination of the dependence on laser pulse intensity permitted
293 K, lifetimes of 250 and 950 ps, respectively, have been us to establish the multiphotonic origin of such effects. The
reportedl). Thus, with this class of complexes, the experimental experimental conclusion is that, in the binuclear Ru{Rh-
window for studying intercomponent electron transfer from (Ill) complexes, population of upper excited states of the Ru-
excited Ru(ll) to Rh(lll) is practically very narrow, being limited  (II)-based molecular component by multiphoton absorption is
to Ru-Rh at temperatures close to 150 K. followed by some deactivation process leading back to the
At 77 K, the lack of observable electron transfer quenching ground statewithout passing through the luminescent MLCT
of the Ru(ll)-based excited state for all complexes is in line state The interesting point here is that no such effects are
with what is expected to occur for processes which are slightly observed with any of the Ru(ll) model compounds, where
exergonic in fluid solution upon going to a rigid medium. As multiphotonic excitation is apparently followed by deactivation
a matter of fact, any process with>0 AG°(fluid solution) > to the luminescent MLCT state. Thus, the nonemissive channel
—lo is expected to become thermodynamically unfavorable available to the upper Ru(ll)-based excited states of the binuclear
when the reorientation of the solvent dipoles is frozen in a glassy complexes must involve in some way the rhodium center.
medium. Deactivation through Rh(lll)-based excited states can be ruled
(b) Electron Transfer from Ru(ll) to Excited Rh(lIl) out, as back energy transfer to the emissive Ru(ll) MLCT state
(Processb in Figure 9, Eq 2). The electron transfers from is known to be efficient in all the systems.
Ru(ll) to excited Rh(lll), being more exergonic, are expected  The most plausible hypothesis is that the nonemissive channel
to be faster than the previously discussed ones, with time scalegyoes through the Ru(IljRh(Il) electron transfer state (eqs
in the subnanosecond range at 150 K. It is difficult to tell 7—12,where *Ru(Il}-Rh(lll) denotes an upper Ru(ll)-based
whether such processes could compete with the lifetime of the
Rh(lll)-based excited state, which is unknown at this temperature Ru(I)—Rh(lIl) + hv — Y MLCT)Ru(Il)—Rh(lll) (7)
but is presumably also in the same range. Experimentally, other
processes dominate the photophysics following Rh(lll) excitation ~ (MLCT)Ru(ll)—Rh(Ill) — *(MLCT)Ru(ll)—Rh(lll) (8)
(see below).

(c) Energy Transfer from Excited Rh(Ill) to Ru(ll) MLCT)Ru(Il)—Rh(Il) — Ru(IN—Rh(IlN) + hv'  (9)
(Processc in Figure 9, Eq 4). Energy transfer from excited s
Rh(lll) to Ru(ll), which efficiently takes place following Rh- (MLCT)Ru(I)—Rh(Il) + hv — *Ru(1l) —Rh(lll) (10)
(1) excitation, is clearly fast enough to compete with the
presumably very short Rh(lll) excited-state lifetime. The *Ru(ll) =Rh(li1) — Ru(ll) —Rh(l1) (11)

reasons can likely be traced back, using formally similar kinetic _ . _
models for energff-"?and electron transfer, to the much smaller Ru(lI)—Rh(11) = Ru(l)—Rh(l1) (12)

outer-sphere reorganizational energy involved in energy transferaycited state of the binuclear complex). Let us recall that, upon
(where, except for the transient dipole moment change associatedingle-photon MLCT excitation at 150 K, electron transfer
with the MLCT state at the Ru(ll) center, no charges are quenching (eq 1) was inefficient (f&u-(ph)-Rh andRu-(ph),-
displaced) relative to electron transfer (where a full electron Rp) pecause of the need to overcome an activation barrier and
charge is displaced between the two metal centers). It is thustne jJow temperature. It seem likely that, with the excess energy
quite possible that the energy transfer processes in these systemgyailable from upper excited states, the electron transfer process
which are exergonic by ca. 0.5 eV, lie close to the activationless may become efficient under conditions of multiphotonic excita-
regime. The fact that energy transfer from excited Rh(lll) to tjgn (eq 11).
Ru(ll) remains efficient in rigid glasses at 77 K tends to support  conformational Problems. With respect to analogous
this view? o o systems with flexible polymethylene bridg&she use of rigid

(d) Charge Recombination (Processl in Figure 9, Eq 3). polyphenylene bridges in these binuclear Ru¢Rh(lll) com-
Experimental access to this process is precluded by kinetic pjexes has the advantage of providing a fixed and well-known
factors. In fact, this highly exergonic process is expected t0 metal-metal distance. It is important to realize, however, that
take place on the subnanosecond time scale and, lying in thesome conformational freedom is still present with polyphenylene
Marcus “inverted” regionAG® < —1,), should be practically  prigges, in terms of rotation around formally single bonds. If
independent of temperatut&®® Thus, even in the case where  the intercomponent interaction proceeds via theystem of
electron transfer from excited Ru(ll) to Rh(Ill) (eq 1) takes  the bridge, the tilt angle between subunits is critfdaind this
place, l.e., folRu-Rh at 150 K, the RU(“')—Rh(”) state cannot may have relevant consequences on (|) the degree of metal

accumulate to any appreciable extent. metal interaction and (ii) electron transfer kinetics.
. _ Indications of such conformational effects come especially
(78) Efézfn" V.; Bolletta, F.; Scandola, §.Am Chem Soc 1980 102 from the results obtained with the short®st-Rh system. For
(79) Murtaza, Z.; Zipp, A. P.; Worl, L. A.; Graff, D.; Jones, W. E.; Bates, this complex, the low-energy MLCT absorption maximum
W. D.; Meyer, T. J.J. Am Chem Soc 1991 113 5113. (Figure 2) and low-energy MLCT emission maxima (Figure 7)

(80) These arguments are independent of whether the energy transfer isysint toward some delocalization of the promoted electron over
considered to occur via a'Esier or a Dexter mechanism (which is a

matter of the type of electronic matrix element responsible for the the two tpy mOietieS of the br_idge. The e_mission and excitation
process). Experimentally, any accurate evaluation of the rate constantspectra obtained at 77 K (Figure 8) indicate that the extent of
by the usual Fister formula is prevented by the lack of appropriate  thjs delocalization is dependent on conformational freedom in

data (lifetime and emission quantum yield) for the donor, Rh(lll)- - L
based excited state. The spin-forbidden nature of both virtual the system. Actually, the emission and excitation spectra show

transitions and the poor spectral overlap between Rh(lll) emission and
Ru(ll) absorption, however, point toward a Dexter energy transfer as (81) Helms, A.; Heiler, D.; McLendon, G. Am Chem Soc 1991, 113
the most plausible hypothesi. 4325;1992 114, 6227.
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the simultaneous presence of species absorbing and emitting aylene spacers could not be experimentally probed. Due to the
short wavelengths (comparable to a mononuckarmodel) properties of the Ruterpyridine chromophore, in fact, low
and of others absorbing and emitting at longer wavelengths. It temperatures are needed to reach excited-state lifetimes suitable
seems reasonable to identify such species as rotational conformfor intercomponent quenching. Lowering the temperature,
ers, frozen in the rigid glass, with those where the two tpy however, is also expected to slow considerably the electron
moieties of the bridge are more coplanar, being responsible for transfer processes from excited Ru(ll) to Rh(lll) (which belong
the red-shifted absorption and emission. The same behavior isto the slightly exergonic, thermally activated kinetic regime).
exhibited by theRu-Ru binuclear model complex at 77 K. In practice, it has been impossible to find a temperature range

It is difficult to state in general terms whether such confor- where electron transfer quenching occurs for all members of
mational effects are maintained or disappear in fluid solution the series. Actually, electron transfer quenching has only been
at 150 K. For theRu-Ru model, where emission/excitation observed at 150 K for the shortest member of the seRes,
spectra of the type in Figure 8 can still be measured, the Rh. Under these conditions, electron transfer is inefficient in
wavelength effects disappear, suggesting fast equilibration Ru-(ph)-Rh andRu-(ph)>-Rh because of the poorer electronic
between the rotational isomers. Fw-Rh, on the other hand,  properties and larger reorganizational energies of these systems.
accurate emission/excitation experiments are precluded by the Interesting results of this work include the following: (i)
strong quenching observed. The fact, however, that the residualenergy transfer from excited Rh(lll) to Ru(ll) is efficient for
emission exhibits a long (practically unquenched) lifetime could all complexes at both 77 and 150 K; (ii) electron transfer
be an indication of the presence of a small fraction of a (highly quenching, which foRu-(ph)-Rh and Ru-(ph),-Rh does not
twisted) rotational isomer with poorer electronic factors for occur appreciably upon single-photon excitation, can be efficient
electron transfer quenching. following multiphotonic excitation to higher excited states; (iii)

It should be finally noted that for the longBu-(ph)-Rh and rotational isomers dRu-Rh, frozen at 77 K, have spectroscopic
Ru-(ph)2>-Rh systems any conformational effect would be very properties suggesting varying degrees of electronic delocaliza-
difficult to probe experimentally. In fact, these complexes are tion between the two moieties of the bridging ligand.
spectroscopically almost indistinguishable from the mononuclear
Ru model and do not undergo electron transfer quenching of
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