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The photophysical properties of mono- and dinuclear complexes based on the bridging ligand tpphz=(tpphz
tetrapyrido[3,2a:2',3'-¢:3",2"-h:2"""-3"""-j]phenazine) were investigated. The complexes are of general formula
[M(bpy)2(tpphz)F* [M = Ru(ll), Os(11)] and [(bpy)Ma(tpphz)Me(bpy)]™* [M1= Mz = Ru(ll), n = 4; Mi= M>

= 0s(ll), n = 4; M= Ru(ll), M, = Os(Il), n = 4; M;= Ru(ll), M, = Os(lll), n = 5]. The tpphz bridging ligand,

being aromatic, rigid, and planar, has interesting structural features for the design of covalently linked donor
acceptor systems. In this work particular attention was devoted to the electronic properties of this bridge and
their effect on the photophysical behavior. All of the results are consistent with direct involvement of the tpphz
bridge in the photophysically active, lowest MLCT excited states. Relevant findings are as follows: (i) in
mononuclear complexes, MLCT excited-state energies are highly sensitive to interactions at the free bpy-like end
of the tpphz ligand, such as metalation and protonation; (ii) in the dinuclear complexes, the electronic ground
state behaves as a valence-localized, supramolecular system, while a substantial amount of intercomponent electronic
coupling is indicated by MLCT excited-state behavior; (iii) in the heterodinuclear complex kfastl(® s1)

energy and/or electron transfer processes take place across the tpphz bridge.

Introduction (triads, tetrads, etc.), interesting functions based on electron and
energy transfer can be envision®d*® Among these, light-
lecular systems of great photochemical interest. Simple two- driven vectorial .trgn(s;p;(;rt of electronic charge (photoinduced
component systems (dyads) are suited for the study of photo-charge separatiosj; ancézhght energy harvesting and
induced electron and energy transfer processes under well-channeling (antenna effeet)®* are particularly relevant. On

defined geometric conditiods#3 For more complex systems this basis, sensible approaches toward more complex supra-
molecular systems for artificial photosynthesis can be
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In inorganic dyads, the donor and acceptor components are
transition metal complexes and the covalent linkage is provided Q\@
by a bridging ligand. These systems are particularly attractive M|
from the viewpoint of synthetic tailoring, as the energetics ON/|
(excited-state energies, ground- and excited-state redox poten- %
tials) can be easily controlled by the appropriate choice of metals
and ligands. A great number of dyads based on metal poly-
pyridine units have been synthesized and studied in recent

Ru(lf), My =
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= Ru(ll), My =

Ru(ll), n=4
Os{ll), n=4
Os(lll), n=5
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(MLCT) states of the two unit& One-electron oxidation of such
species, on the other hand, yields the Ruf@s(IIl) species,
suitable for the study of intramolecular electron, rather than
energy, transfer. Typical dyads are of the type [(bRy)-BL—
Os(bpy}]**, where bpy= 2,2-bipyridine and BL represents
bridging ligands of various lengths and chemical nature. These
studies indicate that the bridging ligand plays a very important
role in the energy transfer kinetics.

Mononuclear and dinuclear complexes based on the new
bridging ligand tpphz (tpphz tetrapyrido[3,2a:2',3-c:3",2"'-
h:2'""-3"'-j]phenazine) have recently been developed in one of
our laboratorie§* They are of general formula [M(bpy)
(tophz)F* [M = Ru(ll), Os(I)] and [(bpyMa(tpphz)M-
(bpy)]** [M1, M2 = Ru(ll), Os(Il)] (Figure 1). These complexes
are interesting for a number of reasons. Many polypyridyl-based
bridging ligands have been developed in recent years. Interesting
ones are rodlike ligands often termed as “rigidin the sense
that their bond structure prevents flexibility and guarantees
controlled metatmetal distance. Such ligands generally involve
some single bonds, however, and are thus not rigid in a torsional
sense. The tpphz ligand is the first example of a rodlike
polypyridine bridging ligand that, because of its polyaromatic
structure and lack of single bonds, is both longitudinally and
torsionally rigid. This guarantees not only fixed metatetal
distance but also fully controlled geometry of the attached metal-
containing moieties and is of great potential interest toward the
design of binuclear complexé&% rigid polymerst® and den-
drimeric structure87-6 Another point of interest for complexes
of tpphz comes from the fact that its planar structure is similar
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to (though more extended than) that of the dppz (dipyrido[3,2-
a:2',3-cJphenazine) ligand, and its metal complexes are ex-
pected* to possess properties similar to those of DNA inter-
calator§® and could thus be useful as luminescent probes or
cleaving reagents. Given these interesting features, detailed
studies on the photophysical behavior of mono- and binuclear
complexes of the tpphz ligand are worthwhile. Some preliminary
photophysical results were reported in a previous pé&pér. ] N
this paper, we report on a detailed study of the photophysical 151 &~ [(bpy),Osltpphz)]
behavior on mono- and binuclear complexes of Ru and Os
(Figure 1). Particular attention will be devoted to (i) the
electronic properties of tpphz as a connector, (ii) the occurrence
of intercomponent energy transfer in Rutkps(1l) species, (iii)

the occurrence of intercomponent electron transfer in Ru(ll)
Os(lll) species, and (iv) solvent and medium effects. 20

& — [(bpy),Ru(tophz)”
----- [bpy),RutpphzIRu(bpy),]*
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Experimental Section —— [(bpy),Rutpph2)Os(bpy).[*

Materials. The synthesis and the characterization of the mononuclear 108

complexes [(bpyRu(tpphz)f™ and [(bpy)Os(tpphz)}t, of the ho- 0.5LV "
modinuclear complexes [(bpRu(tpphz)Ru(bpy)*" and [(bpy}Os- . AT
(tpphz)Os(bpy)**, and of the heterodinuclear complex [(bgy)-
(tpphz)Os(bpyy*+ were already reported.

In all of the experiments, spectrograde solvents were used without
further purification.

Methods and Instrumentation. UV —vis spectra were taken on a

eM'em” x10°

200 300 400 500 600 700 800

Figure 2. Absorption spectra of the mononuclear and binuclear
compounds in CECN.

Kontron Uvicon model 860 spectrophotometer. Results
Near IR spectra were recorded with a Perkin-EImer model 323 . . . .
spectrophotometer. Absorption Spectra. The absorption spectra of the investi-

Steady-state luminescence studies were performed using a Perkin-gated complexes in GJEN solution are shown in Figure 2.
Elmer MPF 44E spectrofluorimeter. For 77 K emission spectra and Figure 2a shows the absorption spectra of both [(HRy)
lifetimes, an Oxford DN704 cryostat equipped with an Oxford DTC-2  (tpphz)F™ and [(bpy}Ru(tpphz)Ru(bpy**. In Figure 2b the
temperature controller was used. Emission lifetimes were measuredspectra of both [(bpyDs(tpphz)}™ and [(bpy)Os(tpphz)Os-
using a PRA system 3000 time-correlated single photon counting (bpy)]*+ are reported. Figure 2c shows the spectrum of the

apparatus equipped with a Norland model 5000 MCA card and a h : 4+

; . : eterodinuclear complex [(bpRu(tpphz)Os(bpy]** together
hydrogen discharge pulsing lamp (50 kHz, halfwidth 2 ns). The decays .
yerog gep glamp ( ) YS With those of the two homodinuclear complexes. For all of the

were analyzed by means of Edinburgh FLA900 software. Alternatively, " -
an Applied Photophysics laser flash photolysis apparatus was used,cOmplexes only minor effects on the absorption spectra are
with a Continuum model Surelite 1| Nd:YAG laser (halfwidth-8 observed when the solvent is changed ¢CN, DMSO, EtOH,

ns), frequency doubled (532 nm, 330 mJ) or tripled (355 nm, 160 mJ). CH,Cl,, and HO). In particular, a small red shift {510 nm)

The photomultiplier (Hamamatsu R928) signals were processed by of all of the absorption bands is observed for DMSO relative
means of a LeCroy 9360 (600 MHz, 5 Gs/s) digital oscilloscope. to the other solvents.

Time-resolved excited-state absorption spectra and time-resolved . .
emission spectra were collected using an optical multichannel analyzer The effect of the addition of HCIgon CHCN solutions of

PARC OMA Il equipped with a Spectrograph and a gated image the COmpIeXeS was eXtenS|Ve|y |nVeSt|gated. In F|gure 3a,b are

intensified diode-array detector (PARC, model 1455); the detector has reported the variations in the absorption spectra of [(Hpy)

a minimum gate window of 5 ns with an adjustable delay from 0 to (tpphz)f* and [(bpy}Os(tpphz)i™ (3.2 x 107> M solution),

256 ns (PARC, model 1302 fast pulser). obtained by adding different amounts of HGI@p to an acid/
Luminescence quantum yields were measured in optically diluted complex concentration ratio of 1.8/1. The addition of HgIO

solutions, using [Ru(bpy)?* in oxygen-free CHCN (@ = 0.06) as  gives rise to very similar modifications of the absorption

reference em|t.ter. Estimated experimental error in the reported Olataspectrum for both complexes: (i) in the near UV region a blue

are as follows: absorption and emission maxifta& nm, emission . o . . .

lifetimes and emission quantum yields 10%. shift of the LC trarllsmons as&gngd to the.tpphz ligand is

observed (these variations occur with the maintenance of three

When required, deaeration of the solutions was carried out by | ; -
multiple freeze-pump—thaw cycles. isosbestic points at 356, 368, and 377 nm for the Ru complex

The mixed-valence Ru(#Os(lll) species was obtained by oxidation ~a@nd at 358, 365, and 377 nm for the Os complex); (ii) in the
of the [(bpy}Ru(tpphz)Os(bpy)** dinuclear complex in CECN/water visible region a blue shift of the system of MLCT transitions
(10/1 v/v) with stoichiometric amounts of ammonium Ce(lV) nitrate together with the formation of a new absorption band at longer
in HNOs (6%) solution. Under these conditions, selective oxidation of wavelength is observable (an isosbestic point is maintained at
the osmium center is obtainéd. 482 nm for Ru and 510 nm for Os complexes). The addition of
larger amounts of HCIQ to the solution of mononuclear

(67) Ishow, E.; Gourdon, A.; Launay, J.-P.; Lecante, P.; Verelst, M.; complexes does not induce further modification of the absorption
Chiorboli, C.; Scandola, F.; Bignozzi, C. Anorg. Chem.1998 37,

3603-3609. spectra up to an acid/complex concentration ratio of 100/1. By
(68) Bodige, S.; Torres, A. S.; Maloney, D. J.; Tate, D.; Kinsel, G. R.; contrast to the behavior observed with mononuclear complexes,
Walker, A. K.; MacDonnell, F. M.J. Am. Chem. Sod 997 119 addition of HCIQ, to CHsCN solutions of dinuclear complexes

(69) %:OhSeGrf_\%,q;-?-a'rm C.: Friedman. L. A Barton. J. K Turro. NJJ. (1.5 x 107° M) does not affect the absorption spectra at least

Phys. Chem. B.997, 101, 6995-7000 and references therein. up to an acid/complex concentration ratio of 100/1.
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Figure 3. Spectral changes observed upon addition of HCI() Figure 4. Room-temperature emission spectra inaCN solution of

[(bpy)Ru(tpphz)}*; (b) [(bpy)Os(tpphz)}t. Solutions of complex 3.2 a) [(bpvbRU(tophz)E (—) and [(bov)Ru(tophz)Ru(bovl4* (- - -) and
x 1075 M in CH3CN; HCIOJ/complex concentration ratios ranging from Eb; [[((b%);zoé(fppphz);]é ) [(bpy}Ru(tpphz)Ru(bPY*™ (- --)
0/1 to 1.8/1.

Table 1. Photophysical Properties of the Investigated Compkexes
room temp 77 K¢

/Imax. q)em, /Imax,
complexes nm t,ns x1® nm 7,ns

[(bpy)sRu* 620 1100 6.0 580 5100
[(bpy)Ru(tpphz)}* 628 1090 45 580 4000
[(bpy).Os(tpphz)}* 765 20 0.2 705 750
[(bpy)Ru(tpphz)Ru(bpy]*" 740 90 0.084 585 2800
[(bpy)Os(tpphz)Os(bpy)*" 790 1.5 716 570
[(bpy)Ru(tpphz)Os(bpy]*™ 790 1.5 707 650

aEmission maxima are corrected for the PMT respoR§zH;CN,
deaerated solutions, unless otherwise not€OH/MeOH (4/1) rigid
matrix. ¢ CH.Cls.

Intensity (arbitrary units)

Emission Measurements.The photophysical properties of
the investigated complexes are collected in Table 1.

At room temperature the photophysical properties (emission
maximum, quantum vyield, and lifetime) of the [(bpRu-
(tpphz)ET mononuclear complex in GJEN solution are close . ) . ) ) 3
to those of other rutheniurrbpy complexes (see Table 1), while 550 600 650 700 750 800 850
the emission maximum of the dinuclear [(bgil(tpphz)Ru- wavelength (nm)

(bpy)]*t complex is substantially red-shifted and has a shorter Figure 5. 77 K emission spectra in 4/1 EtOH/MeOH of (a) [(bgRy-

lifetime with respect to the mononuclear compound [(bBRy) (tpphz)E* (—), and [(bpy)Ru(tpphz)Ru(bpy]** (- - -) and (b) [(opyOs-

(tpph2) B (Amax= 740 NM VSlynax = 628 nm,r = 90ns vst = (tpph2)F* (—), [(bpy)Os(tpphz)Os(bpy)** (---), and [(bpy)Ru-

1090 ns, Figure 4a and Table 1). Regarding the corresponding(tpphz)Os(bpy)** (-++). Excitation wavelengtk= 460 nm.

Os complexes, only the mononuclear compound has a detectable

emission at room temperature in @EN solution @max = 765 77 K emission spectra of the [(bp@s(tpphz)}', [(bpy).Os-

nm, ¢ = 20 ns, Figure 4b). No steady-state emissions are (tpphz)Os(bpyj*", and heterodinuclear [(bpRu(tpphz)Os-

Intensity (arbitrary units)

observable for the homodinuclear [(bp®)s(tpphz)Os(bpy)** (bpy)]*t complexes. The emissions of the mononuclear Os
and for the heterodinuclear [(bpRu(tpphz)Os(bpy]*" com- complex and of the homo- and heterodinuclear complexes in
plexes at room temperature in @EN solutions. rigid matrix at 77 K are very similar in shape, energy, and

All of the investigated complexes are emitting at 77 K in 4/1 lifetime (Table 1).
EtOH/MeOH glasses. The emission spectra are reported in  The effects of different solvents (GBN, DMSO, EtOH,
Figure 5. The 77 K emission spectra of the mononuclear and CH,Cl,, and HO) on the emission spectra of the complexes
binuclear Ru complexes are shown in Figure 5a. The shapeswere examined. The results are summarized in Table 2. The
energies, and lifetimes of both emissions are very similar to solvent has a remarkable effect on both emission energies and
those of [Ru(bpyj?t (Table 1). In Figure 5b are reported the lifetimes. In particular it is to be noted that (i) in,8 the
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Table 2. Influence of Solvent on the Photophysical Properties of the Investigated Contplexes
Amax NM (z, NS)
complexes RO DMSO CHCN EtOH CHCl,
[(bpy).Ru(tpphz)}* 683 (~5) 654 (450) 628 (1090) 625 (690) 605 (480)
[(bpy)Ru(tpphz)Ru(bpys+* 780 (27) 740 (90) 725 (20) 680 (325)
[(bpy).Os(tpphz)i* 765 (16) 760 730 (80)
[(bpy)0s(tpphz)Os(bpy)** 790 (1.5)
[(bpy).Ru(tpphz)Os(bpy]** 790 (1.5)
@ Emission maxima are corrected for the PMT response.
02 M a
N
£ 0.0 Pttty
g 2.0 (x30)
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Figure 6. Effect of the addition of HCI@Qon the emission of [(bpylRu- 01 ¢
(tpphz)F*. Complex 3.2x 107° M in CH3;CN. The numbers over the : w
curves indicate the HCIflcomplex concentration ratios.
-0.1
emission of all of the complexes is almost completely quenched;

(ii) the emission of the homodinuclear [(bp@s(tpphz)Os-
(bpy)]*™ and the heterodinuclear [(bpRu(tpphz)Os(bpy]**
complexes is observable, at room temperature, only inGTH
solutions.

The effect of the addition of HCI9on the emission of
[(bpy)2Ru(tpphz)}" in aerated CHCN solution is reported in
Figure 6. The acid clearly quenches the [(BR)(tpphz)}"
emission. The intensity quenching is not accompanied by a
parallel quenching of the emission lifetime, which remains
appreciably constant. The quenching of the original emission
is practically complete at an Hcomplex concentration ratio
larger than 1.8/1. However, a weak residual emission is still
present, red-shiftedlfpax = 670 nm) and short-livedr(= 25
ns) with respect to the original one. This new emission is stable
at least up to an Hcomplex concentration ratio of 100/1. The
initial slope of a plot of the relative emission intensityl¢) vs
the H*/complex concentration ratio is0.7 &= 0.1.

With the [(bpy)}Os(tpphz)}™ complex the variations observed
upon addition of HCIQ were very similar to those of the
corresponding Ru complex. The only difference was that no

residual emission was detectable after the complete quenching

of the original one.

Addition of HCIO, to a CHCN solution of [(bpy)Ru(tpphz)-
Ru(bpy}]*" has no effect on the emission of the complex at
least up to an acid/complex concentration ratio of 100/1.

Excited-State Absorption Spectra.Laser flash photolysis
experiments were performed in @EN solutions, at room
temperature, of [(opyRu(tpphz)}*, [(bpy)Ru(tpphz)(bpyll**,
and HCIQ/[(bpy)Ru(tpphz)}" (concentration ratio 2.5/1).

350 460 450 560 5éo 660 séo 700
wavelength (nm)

Figure 7. Transient absorption spectra of [(bgRu(tpphz)} (a),

[(bpy):Ru(tpphz)Ru(bpy]** (b), and HCIQ/[(bpy).Ru(tpphz)}" (con-

centration ratio 2.5/1) (c). C}N solutions. Spectra recorded 5 ns after

laser pulse. Excitation wavelength 355 nm.

3
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Figure 8. Absorption spectra of a 1.8 10°5 M solution of [(bpy}-
Ru(tpphz)Os(bpy]*" in 50% CHCN/water before<{) and after {-+)

the addition of a stoichiometric amount of Ce(IV).

Mixed Valence Compound. The generation of a mixed-

Transient absorption spectra are reported in Figure 7. All of valence compound was possible only for the heterodinuclear

the transient spectra exhibit bleaching of the ground state at ca
450 nm. Those of [(bpyRu(tpphz)Ru(bpy)*" and HCIQ/
[(bpy)2Ru(tpphz)}" exhibit an additional transient absorption

complex [(bpy)Ru(tpphz)Os(bpy]**. Addition of Ce(IV)

solution (see Experimental Section) to a k3105 M CH3-
CN/water solution of [(bpyRu(tpphz)Os(bpy]** causes strong

at ca. 575 nm. All of the transients decay with the same kinetics variations in the absorption spectrum of the complex (Figure

and lifetimes as observed for the corresponding emissions.
Because of the very short lifetimes of the Os-containing

8), consistent with the oxidation of the osmium center. No
intervalence transfer transitions of appreciable intensity (

complexes, no reliable transient absorption spectra were recordeds00 M1 cm™1) were observable in the visible and near IR

for these complexes.

region. No detectable emission from the mixed-valence species
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Figure 9. Schematic comparison of the redox potentials for the mononuclear and binuclear ruthenium complexes.

could be observedd{em < 1 x 1075 in the 506-850 nm
spectral region.

Discussion

Mononuclear Complexes. The absorption spectra were
discussed in some detail in a previous padrhey consist of
three distinct spectral regions: (i) the visible region, where

involved,! these Coulombic terms could provide partial com-
pensation for the redox asymmetry between the ligands of
[(bpy)Ru(tpphz)}". Thus, the electrochemical results provide
a hint in favor of the tpphz localization, but cannot be considered
as conclusive.

Absorption spectra are not very informative in this respect,
due to the large bandwidth and strongly overlapping situation

intense absorption is attributed to metal-to-ligand charge transfer®f the various MLCT transitions. Some information can

(MLCT) transitions from the d orbitals of the metal to th&
orbitals of the bpy and tpphz ligands; (ii) the UV region, below
340 nm, dominated by thee — =* ligand-centered (LC)
transitions of the bpy and tpphz ligands; (iii) two sharp bands
between 340 and 380 nm, corresponding te-mt* and &7 —

ar* LC tpphz transitions. All of these bands correspond to spin-
allowed (singlet-singlet) transitions, except for the osmium
complex (Figure 2b), where the tail &t~ 550 nm corresponds

to formally spin forbidden (singlettriplet) MLCT transitions.
The MLCT bands of the osmium complexes are red-shifted with
respect to those of the corresponding ruthenium complexes,
reflecting the different ease of oxidatinof the two metal
centers. An important question concerns the type of ligand (bpy
vs tpphz) involved in the lowest MLCT excited state.

In principle, information on this problem could be obtained
from the electrochemical data, reported in a previous Féper
and summarized, for the Ru-containing species, in Figure 9.
On the basis of the large positive shift (0.47 V) of the first
reduction potential of [(bpyRu(tpphz)}" relative to [Ru-
(bpy)]?t, it seems likely that the lowest MLCT state in
[(bpy)Ru(tpphz)} is of the Ru— tpphz type. It should be
noticed, however, that MLCT excited-state energies are related
to orbital energy (and redox potential) differences via various
electronic interaction terms, including electrostatic attraction
between the promoted electron on the ligand and the positive
hole on the metal® Given the different electronhole distances

(70) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord. Chem. Re 1988 84, 85-277.

nevertheless be obtained from the clean changes undergone by
such spectra upon addition of perchloric acid insCN (Figure

3). The changes in the visible region clearly demonstrate the
composite nature of the MLCT band system and provide a basis
for its resolution into bpy-based and tpphz-based transitions.
Using [(bpy}Ru(tpphz)}t as an example, the intense absorption
in the 410-440 nm region, which hardly undergoes any change
upon acid addition, must correspond to MLCT transitions
involving the (nonprotonatable) bpy ligands. The observed
bleaching in the 446482 nm region and increased absorption
in the 482-550 nm region very likely reflect the red shift (from
465 to 500 nm, as inferred from difference spectra) of a MLCT
transition involving the protonatable tpphz ligand. The concen-
tration dependence of the spectral variations (see Results)
suggests a single protonation process taking place in the HCIO
concentration range investigated. Among the two types of
available sites, pyrazine-like and bpy-like nitrogens, the latter
are expected to be stronger'Bsted bases. The fact that the
spectral changes are very similar to those obtained upon
metalation (see below) confirms the involvement of the free
bpy-like end of the tpphz ligand in the protonation proc@ss.

(71) Extended Huckel MO calculatiotfsindicate that, in the free tpphz
ligand, the LUMO is largely localized on the pyrazine-like central
portion of the ligand. Another* orbital, mainly localized on the bpy-
like portions of the ligand, lies higher in energy by 0.638 eV. In the
complex, some mixing between these orbitals cannot be excluded.
Moreover, the interaction with the oxidized metal in the MLCT excited
state could bring the energies of these two orbitals substantially closer
than in the free ligand.
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In heteroleptic complexes of this type, MLCT emission is species. This shift can be viewed as a result of the electron-
expected to come uniquely from the lowest excited state, and withdrawing effect of the second metal and/or of increased
thus to be free from the overlap problems that complicate MLCT z-delocalization in the system and is in line with previous
absorption spectra. In practice, the interpretation of the emissionexperience with other conjugated bridging polypyridine lig-
results is complicated by solvent dependence. In solvents of ands?®4379 As the oxidation potential of the metal remains
medium polarity, such as, e.g., @EN, the emissions of  appreciably constant (Figure 9), this is expected to result in a
[(bpy)Ru(tpphz)}™ and [(bpy}Os(tpphz)}+ are similar in red shift of the Ru— tpphz MLCT transitions in going from
energy, lifetime, and quantum yield (Table 1) to those of the mono- to dinuclear complexes. Given the above-discussed prob-
corresponding tris bpy complexés.’® This indicates that in lems of bandwidth and overlapping, this shift is not apparent
these solvents the emitting state is either a-Mbpy MLCT from the absorption spectra in the MLCT region (Figure 2a,b).
state, or a M— tpphz state lying at very similar energy. In  The effect is clearly seen, on the other hand, in room-temper-
high-polarity solvents such as DMSO and® however, the ature emission (Table 1, Figure 4), where the spectrum of
emission of [(bpy)Ru(tpphz)}" undergoes a strong red shift  [(bpy):Ru(tpphz)Ru(bpy]** is red-shifted as expected (by about
(Table 2), indicating substantial stabilization of the polar MLCT 0.18 eV) relative to that of [(bpyRu(tpphz)}*. The difference
state. This shift is much larger for [(bpRu(tpphz)f™ than for between mono- and dinuclear emissions is almost absent in rigid
[Ru(bpy)]?t,”® consistent with a more pronounced charge matrixes at 77 K where, however, all of the spectra are strongly
separation in the MLCT state of the tpphz complex and blue shifted, due to the absence of solvent relaxation.
supporting the assignment of the lowest excited state as-a M The shorter lifetime, at room temperature and in the same
tpphz state. A substantial red shift, parallel to what observed in solvent, of the dinuclear relative to mononuclear complexes
absorption, is also observed in emission upon protonation of (Table 1) can be easily explained on the basis of the red shift,
the [(bpypRu(tpphz)f™ complex (Figure 6). The shift is given the energy-gap dependence of radiationless deactiva-
accompanied by a strong reduction in intensity, as expected ontion.”*75For the [(bpy)Os(tpphz)Os(bpy)*", given the already
the basis of general trends in lifetime with emission energy (see short lifetime of the mononuclear species and the expected red
below). Overall, the emission measurements provide strong shift, the lifetime is probably so short as to prevent the
indication that the lowest, emitting excited state of the mono- observation of any emission in GEN. In the comparison
nuclear complexes involves the tpphz ligand. between [(bpy)Ru(tpphz)F and [(bpy}Ru(tpphz)Ru(bpy)**,

The lifetimes of the mononuclear complexes are, as usual, the observed decrease in quantum yield (ca. 1/100) is an order
longer for the ruthenium than for the osmium complex (Table of magnitude greater than the factor (ca. 1/10) expected on the
1). Within each complex, they change as a function of solvent basis of the lifetime shortening, implying a substantial decrease
in a relatively complex way (Table 2). This is not unexpected, in radiative rate constant for MLCT emission upon addition of
as the solvent may simultaneously change many parametershe second met&P. This could be ascribed to the electron-
relevant to excited-state deactivation (ground-state to MLCT withdrawing effect of the second metal center, leading to an
energy gap, activation energy for deactivation mediated by increase of charge separation distance and a consequent decrease
metal-centered states, degree of MLCT excited-state distortion,in electronic coupling in the MLCT state. In this context, it
coupling to specific solvent vibrationg}.’8 Albeit with some should be noticed that a strong solvatochromism is observed
exceptions, a general trend of decreasing lifetimes with decreasfor the emission of the dinuclear complexes (Table 2). It is of
ing emission energy is discernible. The energy-gap law for the same type as, but of larger magnitude than, that observed
radiationless transitiofi’$’° is certainly one of the factors  for the mononuclear complexes, again suggesting an increase
contributing to this trend. in charge separation distance upon addition of the second metal

At 77 K, the emission shows the usual blue shift relative to moiety. In this regard, itis interesting to notice the difference
room temperature (Table 1), consistent with the charge transferin the transient absorption spectra, i.e., in the spectra of the
nature of the transition and the blocking of solvent repolarization owest MLCT states, of the dinuclear and mononuclear Ru
in the rigid glass. complexes (Figure 7). The binuclear complex has a more

Homodinuclear Complexes.A comparison between the Pronounced absorption in the red spectral region, indicative of
absorption spectra of the mono- and homo dinuclear complexesd more _deI(_)cahze_d ligand radical anion. A very similar transient
(Figure 2a,b) shows that the various MLCT and LC bands retain @Psorption is obtained for the mononuclear complex under acidic
their identity and scale up in intensity with the number of metal conditions (Figure 7), again stressing the very similar effects
centers and ligands. This rules out extensive delocalization in ©f Metalation and protonation on MLCT properties of [()-

the dinuclear complexes, which can thus be described as true,(tpphz)]H- _
weakly interacting, supramolecular systems. As for the mononuclear complexes, also for the dinuclear

The electrochemical results (Figure 9) indicate that the lowest systems the I.ifetime_ ggnerally deqreasgs with decreasing emis-
tpphz 7* orbital undergoes substantial stabilization (ca. 0.15 SIOn €nergy, in qualitative correlation with the energy-gap law.

. : ; It should be pointed out that only in GBI, the lifetime of
vV I f | tod |
eV in all cases) upon conversion of mononuclear to dinuclear [(bpy),0s(tpphz)Os(bpy)*+ is long enough to allow the

observation of room-temperature emission (Table 2).

(72) Further proof of this conclusion comes from the lack of any effect, in

this acid concentration range, for the [Ru(bggipp2)E* (dppz = No consequence of the addition of HGI@ observed with
gipyqigophenazine) corrptlfx,( wheLe pt))/r?zine-likg:i nri]trzgens,l b;,lt not the dinuclear complexes, in agreement with the above conclusion
py-like ones, are available (C. Chiorboli, unpublished results). i iag i
(73) Sun. H. Hoffman, M. ZJ. Phys. Cheml093 97, 1195611950 that t_he protonation of the mc_)non_uclegr species involved the
(74) Meyer, T. JPure Appl. Chem1986 58, 1193-1206. bpy-like rather than the pyrazine-like nitrogens.
(75) Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, TJJPhys.

Chem.1986 90, 3722-3734. (79) Hammarstrom, L.; Barigelletti, F.; Flamigni, L.; Indelli, M. T
(76) Nakamaru, KBull. Chem. Soc. Jprl982 55, 1639-1640. Armaroli, N.; Calogero, G.; Guardigli, M.; Sour, A.; Collin, J. P.;
(77) Kitamura, N.; Sato, M.; Kim, H. B.; Obata, R.; Tazukelrfirg. Chem Sauvage, J. Rl. Phys. Chem1997 101, 9061-9069.

1988 27, 651-658. (80) This effect is analogous to the observation of a small oscillator strength
(78) Indelli, M. T.; Bignozzi, C. A.; Scandola, F.; Collin, J.IRorg. Chem. for the red-shifted Ru—~ tpphz MLCT transition in the protonated

1998 37, 6084-6089. form of the [Ru(bpy)(tpphz)F* complex (Figure 3).
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Figure 10. Two alternative representations of the interconversion between the lowest excited states of thRUi(myhz)Os(bpy)*" complex:
(a) as a conventional intramolecular energy transfer; (b) considering the electronic distribution of the MLCT states, as an osmium-to-ruthenium
electron transfer.

Heterodinuclear Complex.In [(bpy):Ru(tpphz)Os(bpy]**, eV
the absorption spectrum is an exact average of those of the two sol .-
homodinuclear analogues (Figure 2c), supporting the view of ' Ru(ll)-tpphz-Os(lil)
the heterodinuclear complex as a supramolecular system. In such A

a system, distinct Ru-based and Os-based MLCT states can be
considered, with energies that can be deduced from the emission
of the corresponding homodinuclear complexes (Table 1). The 15F
Ru-based MLCT state is higher than the Os-based one, both in
room-temperature Ci€l, (by ca. 0.38 eV) and in low-

temperature alcohol glasses (by 0.25 eV) (Tables 1 and 2). Ru(l)-tpphz-Os(ll)
Therefore, as in many other RuPs(Il) dinuclear systems = ;
investigated? conversion from the Ru-based MLCT state to 0

the Os-based MLCT state is thermodynamically possible (Figure Ru(ll)-tpphz-Os(l11)

10a). The experimental results, i.e., complete quenching of the
Ru — tpphz MLCT emission and sensitization of the ©s
tpphz MLCT emission, clearly demonstrate the occurrence of
this process. From the experimental results, the efficiency is
>0.99 and the rate constantisl(® s71. These figures are in
line with the behavior of other Ru(HOs(Il) complexes with
unsaturated bridging ligands that favor Dexter-type energy

transfer processés. probably very fast, consistent with the notion that it is highly

th'A word ofa(;autlon shofuld Ibethsalg a?out thi dgscnpﬂon of exergonic and it involves electron transfer between close sites,
IS process asnergytransfer. In the Dexter mechanism, energy i.e., from the tpphz bridging ligand to the Os(lll) center (Figure
transfer can be viewed as a simultaneous electron transfer from

11). The same type of electron transfer process is involved in
the LUMO of the donor to that of the acceptor and from the o o
HOMO of the acceptor to that of the donor. In a dinuclear the radiationless deactivation of the lowest MLCT state of

: . [(bpy)2Os(tpphz)Os(bpy)*", which is actually known (Table
go?plgx Oft tlhle ty?e S'Z%J&Snguerﬁbkﬂoéh umttﬁ’ hattl\q/e ?\ Wzll- 1) to be very short-lived. The product of the quenching process
efined metal-localize - 'hel , ON the other hand, ¢ Ru(lll-0Os(Il) intervalence transfer state, expected to
seems 1o be Iocallzgd on the brldglng .tpphz ligand, which is decay to the ground state by an ©sRu back electron transfer
comman to both units. Thus, the definition of the process as process of relatively small driving force. As commonly found

energy transfer could not be completely accurate. In fact, to

. ; o for Ru(I)=—0Os(Ill) complexes involving unsaturated bridgin
the extent to which the excited electron remains in a common ) (i P 9 ging

) ; ligands® this process is too fask(>= 2 x 10° s™1) to be
tpphz-localized LUMO (Figure 10b), the process could be also .
(perhaps better) viewed as a metal-to-metal-©Ru electron monitored by nanosecond laser spectroscopy. Overall, the results

“ . on the [(bpy)Ru(tpphz)Os(bpy]>" complex indicate that the
transfer (or Ru— Os “hole” transfer). ' N L EAL A
Electron transfer is certainly involved in the photophysical tophz bridge is highly efficient in promoting intercomponent

behavior of the oxidized complex [(bpRu(tpphz)Os(bpy]>. excited-state electron transfer processes as well.

This complex, as clearly indicated by the disappearance of the ~,|usion

Os-based MLCT transitions in the absorption spectrum (Figure

8), is a Ru(ll)-Os(lll) mixed-valence specié$ln this complex Being a planar, fully aromatic bridging ligand, tpphz has

the Ru-based MLCT emission is completely quenched relative interesting structural features for the design of covalently linked

donor-acceptor systenfd=%8 In this work, its electronic

(81) ftterr%%&tgo%etect the presence of irf]ttlar\1alence ;ransirt]ionsb(expectedproperties have been particularly investigated. In mononuclear
e of [(bpr&)ug;;ﬁzggz?ggﬁgf i [‘haﬂrgfcf'(gihk&tzpﬁ%[ﬁ'o” [M(bpy)(tpphz)F* complexes, the medium dependence of the
Ru(bpy}]** (intensity divided by a factor of 2) were not significanty ~ €Mission supports the assignment of the lowest energy MLCT
different. In these experiments, we estimate 500 M~ cm2, excited state as a M- tpphz state. The energies, lifetimes, and

Figure 11. Schematic representation of the quenching pathway for
the mixed-valence [(bpyRu(tpphz)Os(bpy)>" complex.

to, e.g., [(bpyiRu(tpphz)Ru(bpyg**, and this is most probably
due to the intramolecular electron transfer process shown in
Figure 11. An experimental lower limit for the rate constant of
this process can be estimated as c& €0. The process is
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emission quantum yields of these MLCT excited states are mediate efficiently the occurrence of fast intercomponent energy
highly sensitive to doneracceptor interactions at the free bpy- and/or electron transfer processes. This difference in behavior
like end of the tpphz ligand. This can be relevant to the use of between ground and excited states is a consequence of the direct

these complexes as luminescent probes. In the [tbhyiophz)- involvement of the tpphz bridge in the lowest MLCT excited
Ma(bpy)]4t** dinuclear complexes, the electrochemical, spec- giate.

troscopic, and photophysical results show that the electronic

ground states can be adequately considered as valence-localized, acknowledgment. The financial assistance of CNRS (France),
supramolecular systems. Looking at the properties of the MLCT \iyrsT (Progetto “Dispositivi Supramolecolari”), and CNR

excited states, on the other hand, tpphz proves to behave as ?ﬂaly) and of EEC (CHRXCT-94-0538) is gratefully acknowl-
“connector” providing relatively strong intercomponent elec- edged

tronic coupling. In particular, in heterodinuclear Ru¢tps(ll)
and Ru(ll-Os(lll) complexes, the tpphz ligand is found to 1C981284F



