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The first luminescent and redox active multinuclear Ru(ll) compound contabotiyelectron-poor (2,3-bis(2-
pyridyl)pyrazine, 2,3-dpp) and electron-rich (3,5-bis(pyridyn-2-yl)-1,2,4-triazole, Hbpt) polypyridine bridging
ligands has been synthesized. The novel compound is KRpW-bpt)RY (1-2,3-dpp)Ru(bpys} 21" (1; bpy =
2,2-bipyridine). Its absorption spectrum, luminescence properties, and redox behavior have been studied and
are compared with the properties of the parent complexe§([R2,3-dpp)Ru(bpyg}s]®" (2) and [(bpyRu(u-
bpt)Ru(bpy)]®™ (3). The absorption spectrum tfis dominated by ligand-centered bands in the UV region and

by metal-to-ligand charge transfer bands in the visible region. Excited states and oxidation and reduction processes
are localized in specific sites of the multicomponent structure. However, perturbations of each component on the
redox and excited states of the others, as well as electronic interactions between the chromophores, can be observed.
Intercomponent energy transfer from the upper-lyingbpt)(bpy)Ru—bpy CT excited state of the Ru(bp)-

bpt)™ component to the lower-lying (bpyBu—u-2,3-dpp CT excited state of the Ru(bgly)—2,3-dpp§" subunit(s)

is efficient in1 in fluid solution at room temperature, whereas this process is not observed in a rigid matrix at 77

K. A two-step energy transfer mechanism is proposed to explain the photophysical properties of the new compound.

Introduction is the bis-chelating ligand 2,3-bis(2-pyridyl)pyrazine (2,3-digh).

Luminescent and redox-active multinuclear metal complexes A second class of luminescent multinuclear metal complexes

are currently the object of great interest because of both is based on the same building blocks connected by anionic

theoretical reasons and potential practical applications. For glectroglgch (V.V'th relgnvely high-lyinge orbitals) bridging
example, this family of compounds holds a central position in Ilgands_. An Interesting difference between th_e two c_Iasses
the design of supramolecular systems capable of performing of multlnyclear systems is that elgctr.on-poor bridging ligands
photoinduced energy migration and/or charge separation, with can mediate meteimetal communication by a superexchange
the ultimate goal of constructing devices for solar energy
conversion and/or light-driven information processing.

A major class of luminescent and redox-active multinuclear
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metal complexes is based on Ruftpolypyridine building
blocks connected by electron-poor (i.e., with low-lying
orbitals) bridging ligands. One of the most used bridging ligand

® Abstract published imdvance ACS Abstractd/ay 15, 1996.

(1) (a) Universitadi Messina. (b) Universitali Pisa. (c) Dublin City
University.

(2) (a) Meyer, T. JAcc. Chem. Resl989 22, 163. (b) Scandola, F.;
Indelli, M. T.; Chiorboli, C.; Bignozzi, C. ATop. Curr. Chem199Q
158 73. (c) Balzani, V.; Scandola, Bupramolecular Photochemistry
Horwood: Chichester, U.K., 1991. (d) Jones, W. E.; Baxter, S. M.;
Mecklenburg, S. L.; Erickson, B. W.; Peek, B. M.; Meyer, T. J. In
Supramolecular ChemistryBalzani, V., De Cola, L., Eds.; Kluwer:
Dordrecht, The Netherlands, 1992; p 249. (e) Denti, G.; Serroni, S.;
Campagna, S.; Juris, A.; Ciano, M.; Balzani, V.Perspecties in
Coordination ChemistryWilliams, A. F.; Floriani, C.; Merbach, A.
E., Eds.; VCH: Basel, 1992, p 153. (f) Amadelli, R.; Argazzi, R.;
Bignozzi, C. A.; Scandola, F. Am. Chem. Sod99Q 112, 7099. (g)
O’Regan, B.; Graetzel, MNature 1991, 353 737. (h) Vatle, F.;
Frank, M.; Nieger, M.; Belser, P.; von Zelewsky, A.; Balzani, V.;
Barigelletti, F.; De Cola, L.; Flamigni, LAngew. Chem., Int. Ed. Engl.
1993 32, 1643. (i) Barigelletti, F.; Flamigni, L.; Balzani, V.; Collin,
J.-P.; Sauvage, J.-P.; Sour, A.; Constable, E. C.; Cargill Thompson,
A. M. W. J. Am. Chem. Socl994 116 7692. (j) Collin, J.-P;
Harriman, A.; Heitz, V.; Odobel, F.; Sauvage, J.JPAm. Chem. Soc.
1994 116 5679. (k) Balzani, V.; Scandola, F. l8omprehensie
Supramolecular ChemistnReinhoudt, D. N., Ed.; Pergamon Press:
Oxford, England, in press.

Inorg. Chem.1989 28, 81. (c) Akashek, T. S.; Jibril, I.; Shraim, A.
Inorg. Chim. Actal199Q 175 171. (d) Cooper, J. B.; MacQueen, D.
B.; Petersen, J. D.; Wertz, D. Whorg. Chem.199Q 29, 3701. (e)
Kalyanasundaram, K.; Graetzel, M.; Nazeeruddin, Md.JKPhys.
Chem.1992 96, 5865. (f) Richter, M. M.; Brewer, K. IJnorg. Chem.
1993 32, 2827. (g) Johnson, J. E. B.; Ruminski, R.IRorg. Chim.
Acta 1993 208 179.

(4) (a) Denti, G.; Campagna, S.; Sabatino, L.; Serroni, S.; Ciano, M.;

Balzani, V.Inorg. Chem 199Q 29, 4750; (b) Campagna, S.; Denti,
G.; Serroni, S.; Ciano, M.; Balzani, \horg. Chem1991, 30, 3728.

(c) Denti, G.; Campagna, S.; Serroni, S.; Ciano, M.; BalzaniJV.
Am. Chem. S0d.992 114 2944. (d) Serroni, S.; Denti, G.; Campagna,
S.; Juris, A.; Ciano, M.; Balzani, VAngew. Chem., Int. Ed. Engl.
1992 31, 1493. (e) Juris, A.; Balzani, V.; Campagna, S.; Denti, G.;
Serroni, S.; Frei, G.; Gdel, H. U.Inorg. Chem1994 33, 1491, and
references therein. (f) Campagna, S.; Giannetto, A.; Serroni, S.; Denti,
G.; Trusso, S.; Mallamace, F.; Micali, N. Am. Chem. Sod.995

117, 1754. (g) Campagna, S.; Denti, G.; Serroni, S.; Juris, A.; Venturi,
M.; Ricevuto, V.; Balzani, VChem. Eur. J1995 1, 211.

(5) (a) Bignozzi, C. A,; Roffia, S.; Scandola, .Am. Chem. S0d985

107, 1644. (b) Bignozzi, C. A.; Roffia, S.; Chiorboli, C.; Davila, J.;
Indelli, M. T.; Scandola, Anorg. Chem1989 28, 4350. (c) Bignozzi,
C. A.; Bortolini, O.; Chiorboli, C.; Indelli, M. T.; Rampi, M. A.;
Scandola, Finorg. Chem1992 31, 172. (d) Bignozzi, C. A.; Argazzi,
R.; Schoonover, J. R.; Gordon, K. C.; Dyer, B. R.; Scandol&nérg.
Chem.1992 31, 5260. (e) Bignozzi, C. A.; Argazzi, R.; Indelli, M.
T.; Scandola, FSol. Energy Mater. Sol. Cellk994 32, 229. (f) Indelli,

M. T.; Bignozzi, C. A.; Harriman, A.; Schoonover, J. R.; Scandola,
F.J. Am. Chem. S0d994 116, 3768.

S0020-1669(95)00086-3 CCC: $12.00 © 1996 American Chemical Society



4514 Inorganic Chemistry, Vol. 35, No. 15, 1996

—|7+

aps o
N\Run/ ~ N\Rlu/N>
N IL\Nl N ”/§N/| '\N
/I Rug |
\N N/I\N N
[ |
4 N P
NG |/N~N )
( AR
N | N
N_/
NN
N B © N
\_/ 7\ <_\ 7\ /\\N//\
N = =N N= =N N-N =
bpy 2,3-dpp bpt

Figure 1. Structural formulas of the polypyridine ligands and schematic
representation of (N N stands for bpy). The Ru metals are labeled
as in the text.

mechanism essentially based on low-lying, emgyorbitals

of the bridge (electron-transfer pathway), while electron-rich
bridges may take advantage of relatively high-lying, fall
orbitals (hole-transfer pathwa$).

Here we report the synthesis and the photophysical and
electrochemical properties of the first luminescent and redox-
active multinuclear Ru(ll) system in whidboth electron-poor
(2,3-dpp) and electron-rich (3,5-bis(pyridin-2-yl)-1,2,4-triazolate,
bpt) polypyridine bridges are present. The formula of the
compound is [(bpyRu(u-bpt)RY (u-2,3-dpp)Ru(bpyg} 2] (1;
bpy = 2,2-bipyridine; for the structural formulas of the ligands,
see Figure 1, in which a schematic representatioh isf also
given). Comparison with the properties of the parent complexes
[Ruf (u-2,3-dpp)Ru(bpy}s]*" (2) and [(bpy}Ru(u-bpt)Ru-
(bpy)]®* (3) has also been made.

Experimental Section

Materials and Methods. [Ru(bpy(bpt)l(PF).82[Cl.Ru(u-2,3-dpp)-
Ru(bpy)} 2l(PFe)a* [RU{ (u-2,3-dpp)Ru(bpy} 5] (PFs)s,** and [(bpy)-
Ru(u-bpt)Ru(bpy)](PFs)st° were available from previous works. De-
tails on equipment and procedure for spectroscopic, photophysical, and
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Figure 2. Absorption spectrum in acetonitrile solution and (inset)
luminescence spectra df (solid line, room-temperature acetonitrile
solution; dashed line, 77 K MeOH/EtOH 4:1 rigid matridy. = 400
nm)

electrochemical and spectroelectrochemical experiments have been
previously reported9 All the solvents and chemicals used were of
the best commercial grade.

Experimental errors in the reported data are as follows: absorption
maxima, 2 nm; luminescence maxima, 5 nm; molar absorption
coefficients, 10%; emission lifetimes, 10%; emission quantum yields,
20%; redox potentials, 20 mV.

Synthesis of [(bpy}Ru(u-bpt)Ru{ (z-2,3-dpp)Ru(bpy)} 2](PFe)7
(1). The trinuclearcomplex-liganéf [Cl,Ru(u-2,3-dpp)Ru(bpys} 2]-
(PRs)s (0.045 g, 0.021 mmol) was dissolved in ethanol 95% (3 mL)
and this was treated with 0.0008 g, 0.045 mmol of AghtOmethanol
(3mL) at room temperature. The reaction mixture turned blue as the
precipitate of AgCl formed. The solution was left stirring for 3 h. The
complex-metéf [Ru(bpy:(bpt)](PR) (0.018 g, 0.027 mmol) was
dissolved in ethylene glycol (3 mL) and this was added to the mixture.
The reaction was then left to reflux for 4 days. The mixture was then
allowed to cool and the black AgCl was removed by centrifugation,
after which the remaining solution was reduced under vacuum to 3
mL. Water (5 mL) and a few drops of a concentrated,RR solution
were then added. The resulting dark precipitate was collected and
washed with water and diethyl ether (25 mL each). The product was
then recrystallized from acetone/water (2:1, 20 mL). On HPL©
bpt monomer was detected. Due to its high charge the product did
not elute from the column. Yield: 80%. Anal. Found (calcd): C,
35.9 (35.5); H, 2.6 (2.5); N, 11.1 (11.5).

Results

Synthesis ofl was performed by taking advantage from the
well-known complexes as ligands and complexes as metals
synthetic strategy. In particular, [Ru(bpy(bpt)]" was used as
the complex-ligand species, and as the complex-metal partner
[CI,Ru(u-2,3-dpp)Ru(bpyd} 2]4T was employed, in a 1:1 ratio.

The new compound is stable in solution under the experi-
mental conditions used for at least a couple of weeks, as
demonstrated by the stability of its absorption spectrum. The
electronic spectrum in acetonitrile solution (Figure 2) shows
an intense feature in the UV regioiyfx = 285 nm,e = 156 500
M~1 cm™1) and a moderately intense and broad absorption in
the visible region {max = 435 nm,e = 36 600 M"* cm™%; Amax
= 535 nm,e = 27 000 M1 cm™?).
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emission wavelengths. Spectroscopic and photophysical data
are listed in Table 1.

Cyclic and differential pulse voltammetry showed that the
new complex1l undergoes several redox processes in the
potential window examined+{1.80/~2.00 V vs SCE). The
potential values and the number of electrons exchanged for each
wave are given in Table 2.

Spectroelectrochemical oxidation bivas performed at 1.05
V vs Ag/AgCI in acetonitrile solution at room temperature.
Concentration of the complex in a typical experiment was about
5x 104 M, 0.1 M TEAP was used as supporting electrolyte,
and a few drops of 6% HN{were added to stabilize Ru(lll)
metal ion. Spectroscopic changes upon oxidation are shown
in Figure 5.

l, a.u.

Discussion

Redox Behavior. Oxidation and reduction processes of
Ru(ll)—polypyridine complexes are known to be metal-centered

e and ligand-centered, respectivé®i! In the multicomponent
speciedl studied here, there are three different types of metals
\ | L (see Figure 1): the central metal, which is connected to three
580 680 780 bridges (Ru); the two Ru(ll) of the 4-2,3-dpp)Ru(bpyy+
A, nm subunits (Re); the Ru metal, which is connected to two terminal

bpy ligands and to the anionic bridge (§u By comparison
with literature values (see also Table 2), the Ru(ll) metal of the
(u-bpt)Ru(bpy}* subunit (RW)%is expected to be oxidized at
a less positive potential than the twe-2,3-dpp)Ru(bpy?"
moieties (Ra),* which in their turn should be oxidized at a
less positive potential than the central Ru(Il) metal {RUAS
far as the polypyridine ligands are concerned, reduction
potentials should shift to more negative values in the series
©-2,3-dpp, bpyu-bpt#3
The oxidation pattern of exhibits two reversible oxidation
waves, withE;;, at +1.09 andt+1.55 V, respectively (Table 2).
The intensity of the wave at more positive potential is twice
that of the other one. On the basis of the above considerations,
the first wave is attributed to oxidation of Ruand the second
wave is assigned to simultaneous one-electron oxidation of both
the Ry metals. Oxidation of the central Bmetal is expected
out of the potential window investigatéd.The oxidation of
the (bpy}Ru(u-dpt)" subunit in1 is slightly shifted to more
positive potentials with respect to oxidation of the corresponding
340 460 sgo subunit in3 (+1.09 vs +1.04). Such a shift is justified by
A nm considering the different electron withdrawing properties of the
_ o [(bpy)Ru-2,3-dpp)]RET and (bpy)RUZ+ subunits which
Figure 4. Corrected excitation spectra biin MeOH/EIOH 4:1 (viv) coordinate thel-dpt)Ru(bpy)t moiety in1 and3, respectively.
r_|g|d matrix at 77 K: solid line, emission wavelength 720 nm; dashed On reduction, two reversible single electron waves are
line, emission wavelength 600 nm. !
observed at—0.64 and —0.89 V, followed by two other
overlapping and poorly resolved waves, which concern a larger
number of electrons (four electrons for each wave, from DPV
analysigb). The first two processes are assigned to the one-
"electron reduction of the two (interacting)2,3-dpp bridges,
the third wave is attributed to the one-electron reduction of a
bpy for each terminal Ru moiety, and the fourth process should
concern the first reduction of the second bpy of each terminal
moiety. Most likely, the third and the fourth waves also
comprise the successive second reductions ofut2e3-dpp
bridges!? Actually, the second reduction gf2,3-dpp is known
to occur at similar (or even slightly less negative) potential than
first reduction of bpy in multinuclear metal complex@sThe
tE)resence of an electron-rich (donor) anionic bridge in the
oordination sphere of the central metal movesth&3-dpp
gands reductions to more negative potential$ imith respect
o the corresponding reductions 2n(Table 2). This effect is

Figure 3. Emission spectra df in MeOH/EtOH 4:1 (v/v) rigid matrix
at 77 K: solid line, excitation wavelength 420 nm; dashed line,
excitation wavelength 530 nm.

l, a. u.

At room temperature in fluid solution compléexhibits only
one emission feature, with a strictly monoexponential lifetime.
The excitation spectrum, recorded at the emission maximum
closely overlaps the absorption spectrum in the region-360
740 nm (for technical reasons we were unable to obtain a reliable
excitation spectrum at shorter wavelength). At 77 K in rigid
glass 1 exhibits two independent emissions, which show
excitation wavelength dependence: when the excitation wave-
length is 420 nm, the emission spectrum peaks at 600 nm, with
a lower intensity component at 720 nm. When the excitation
wavelength is 530 nm, the emission spectrum peaks at 720 nm
and the higher energy component is negligible. Accordingly,
excitation spectra measured at 600 nm and 720 nm are differen
each other. The luminescence spectra obtained upon excitatior),
at 400 nm at room temperature and at 77 K are shown in thet
inset of Figure 2. Figure 3 shows emission spectra at 77 K
recorded with two different excitation wavelengths. Figure 4 (15) s expected, the third and the fourth reduction waves Eave E.
shows 77 K corrected excitation spectra performed at two diffent values significantly larger than 60 mV.
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Table 1. Absorption and Emission Déta

complex abs (298 KWmax NM luminescence (298 K) luminescence (77 K)
no. formula (e, M~tcmb)b Amax, NP 7, NS (0] Amax, NP T, US
1 [(bpy).Ru(bpt)RY (dpp)Ru(bpyj} 2] ™* 535 (27 000) 800 68 0.001 600 4.0
720 1.6
2 [Ru{ (dpp)Ru(bpy)}s]®* | 540 (45 000) 802 70 0.001 727 14
3 [(bpy):Ru(bpt)Ru(bpyj]3* ¢ 453 (18 500) 648 100 0.002 608 3.6

aData are in acetonitrile deareated solution (298 K) or in MeOH/EtOH 4:1 rigid matrix (77 K). Typical concentration of the compounds are in
the range 1x 107°to 1 x 107 M. P Lowest energy absorption maximuflLuminescence maxima are corrected for photomultiplier response.
d Lifetime measured at 580 nMgy = 337 nm.¢ Lifetime measured at 760 nMzy. = 337 nm." Data from ref 4a,g? From ref 8a.

Table 2. Electrochemical Data d
, bpy f’ bpy
oxidn redn N/
1 +1.09 [1] (Rw); —0.64 [1]; —0.89 [1]; —1.49 [~4];© Rug a
+1.55 [2] (Rw)® —1.75 4] |
24 +1.53[3] —0.62[1];—-0.77 [1];—1.23 [1] u-2,3-dpp
3 +1.04[1];+1.34[1] —1.40[2];—1.62[1];—1.67 [1]
2 Eyp values in acetonitrile. Potentiads SCE. Working electrode: r Ruc b
glassy carbon electrode. The figures in brackets refer to the number J/ ;\
of electrons exchanged. All the redox processes are reversible unless 1-bpt 23
otherwise stated. Typical compounds concentrations 304 M. / H-% {p
b Oxidation assignments are reported in parentheses. Metal atoms are boy —Ru Rug__p
indicated as in Figure X.Quasi-reversible process; the potential refers 24 A — Py
to anodic peak? Data from ref 4a,g¢ From ref 8a. )C
bpy bpy
1.80 Figure 6. Lowest energy electronic transitions occurringlirfonly

transitions relevant to the discussion are representsdhe “remote”
transition reported in the text).

Abs
to be found at about 280 n#i. The 2,3-dpp-centered transitions
essentially contribute to the shoulder around 340 nm (Figure
2).

Because of the multicomponent nature of the complex, a
number of different metal-to-ligand charge transfer (MLCT)
bands are expected, such as transitians, ¢, andd (leaving
aside higher energy transitions involving the anionic bridge and
“remote” CT transitions, such a}represented in Figure 6. On
the basis of the electrochemical data, the energies of such
transitions should increase in the ser&ess b < ¢ < d (the
_ energy order for the relative energiestoéndc is uncertain).

4(;0 6 (') o Anm 83| 0 This situation explains the very broad absorption feature of the
’ compound, which extends all throughout the visible region.
Figure 5. Spectroscopic changes on electrochemical oxidatiofr of Owing to the very broad absorption feature and the relatively

oxidation potential, 1.05 \Js Ag/AgCI; supporting electrolyte, 0.1 M ; - . L e
TEAP; solvent, acetonitrile. A few drops of 6% HN@ere added to h|gh num_ber of tra_nsmon_s involved, spectral fitting of t_he visible
jregion failed to give reliable results. In our case, in fat,

stabilize the Ru(Ill) metal-based component. Scans were taken at regulal - e
intervals over a period of 30 min. least two different best fittings (both of them apparently

satisfactory ones, see Supporting Information, Figure S1) could
more important for the Second2'3_dpp than for the first one be Obtained, in which contribution from five bands is considered
(compare—0.64 s —0.62 V for the first reduction il and2, to simulate the experimental visible spectrum. Whereas the
respectively, with-0.77 and—0.89 V for the second reduction, ~number of the bands needed is constant in the various spectral
Table 1). The reason is that the second reductioh ¢annot fittings obtained, their energy positions and relative intensities
be stabilized by electron delocalization upon the other, already are significantly different. The only useful information which

negative|y_charged' bridgeS, Contrary to what happens for theCan be obtained from best f|tt|ng analySiS is the presence of a
second reduction a2.13 low energy broad band {axabout 4000 M* cm™2, half-width

Absorption Spectrum, Luminescence Properties, and about 1500 cm?) centered in the range 640 - 660 nm, which

Intercomponent Transfer Processes.The UV region of the ~ could be assigned to the remote CT transitiorshowed in
absorption spectrum df is dominated by the strong ligand-  Figure 6. The strong uncertainties on the spectral fittings limit
centered (LC) transitions of the bpy ligands, which are known further discussion of this band. o _
The luminescence df at room temperature in fluid solution
(13) First and second reductions of a tris-chelate metal complex containing 'S qu't? similar to that Pf the parent compoudTable 1),
ligands with low-lyingz* orbitals are stabilized by ligandigand indicating the same luminescent level for both compounds, that
interactions mediated through the metal, while the third reduction can g the (bpy)Ru—u-2,3-dpp (i.e.; Rg—u-2,3-dpp) CT excited

be destabilized by the same interactions (for further details on this - chi HIg -
point, see ref 14). While the second reductior2afan be stabilized state! The slight blue-shift of the emission on going freto

by the presence of the third, unreduceddpp, the corresponding 1 (Table 1) can be eXplaiHEd by taking into account the different
reduction in1 cannot take advantage of the presence of ligands with reduction potentials of bridged dpp in the two complexes, as
empy, low-lyingzr* orbitals in the coordination sphere of the central discussed above
metal. T . . L

(14) Serroni, S.; Juris, A.; Campagna, S.; Venturi, M.; Denti, G.; Balzani, 1 n€ Similarity in the visible region of the excitation and
V. J. Am. Chem. S0d.994 116, 9086. absorption spectra df in acetonitrile fluid solution at room

1.00 ¥

€46.7 1000.0 1500.0

0.00
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temperature demonstrates that at this temperature efficient
intercomponent energy transfer occurs from the upper-lying ( m
bpt)(bpy)Ru—~bpy (i.e.; Ru—bpy) CT excited state of the )
Ru(bpy)(«-bpt)™ component to the lower-lying Rt~u-2,3-
dpp CT excited state of the Ru(bpg)-2,3-dpp§™ subunit(s)
(the driving force of the procesaG, is —0.34 eV)1®

Intercomponent energy transfer appears to be less efficient
at 77 K in rigid matrix, where two emissions with essentially
the typical lifetimes of *(bpy)Ru(u-bpt)" and *(bpypRu(u- ooy boy boy boy
2,3-dpp§" components are found (Table 1), thus suggesting that S S’
(bpy)xRu(u-bpt)"™ and (bpy)Ru(u-2,3-dpp¥*t components can | L
be regarded as “isolated” components of the supermolecule /) "‘2'3‘|"PP I “'2'37”’

e

)
by () bpy 4 by

/ I bpy.
RU —— - bpt—O0s —_— “Ru — yrbpt—os”
7 \bpy / N

bpy bpy bpy

at 77 K. Thisis furt_hermore su_pp_orted by consi_dering the low R 3 "
temperature excitation and emission spectra (Figures 3 and 4): bpt’ p;“w ,H,pt’ u_z\w o

from emission spectra performed at different excitation wave- ©) i "N . oy 27 ~ R
length, one can note (Figure 3) that excitation in the 420-460 | RT e _Rlu “I“ — by
nm region (the region in which the absorption of thexfhased bpy bpy bpy bpy
chromophore is relatively more import&nyields an emission

spectrum dominated by Rt~bpy CT emission (the emission

maximum at about 650 nm is due to the typical vibrational /III

progression of the Retbpy CT emission band at 77, while

530 nm excitation (i.e. in the absorption bands due to the Ru boy bey
based chromophor$s yields the typical emission of the N
peripheral (bpy)Ru(u-2,3-dpp§" components. On the other | ©
hand, it is clear from Figure 4 that the Rbased chromophore w2,3dpp (-)
is responsible for the high energy emission, and the-Based
chromophores are responsible for the lower energy emission.
It should also be noted that the corrected excitation spectra of
1 (visible maximum at 430 nm, Figure 4) is significantly oY —Ru Ru = bpy
different from that of the parent mononuclear complex [Ru(Bpy) bpy bl,y
(bpt)]" (maximum at 453 nm in MeOH/EtOH 1#)and from
that of the closely related dinuclear complex [(RO(bpt)-
Ru(bpyy(bpt) P (maximum at 475 nm in MeOH/EtOH 1:4),
thus definitively excluding the hypothesis of the presence of
these species as the origin of the high-energy emission. case of4, electron transfer from (bpy®su-bpt)* subunit to

Luminescence lifetimes measured at 580 and at 760 nmthe excited Ru-based component (Figure 7, protessuld be
(excitation wavelength 337 nm in both cases) yield mono- the first step of a two-step mechanism which would speed the
exponential decays of 4.0 and 1u8, respectively, typical of  overall Ru—~bpy to Os~bpy energy transfer proce¥s.Process
“isolated” Ru—bpy CT and of Rt~u—2,3-dpp CT excited states | is expected to be fast (there is a good communication between
(Table 1). The spectral separation between the two emissionsthe metal$¢ e.g. high electronic coupling; furthermore, the
evidently permits spectral resolution of lifetimes. Time-resolved reorganization energy should be relatively low because of the
emission spectra (Supporting Information, Figure S2) confirm short distance of the electron transfer). Because of the large
the attribution of the emission bands (see above), showing thatelectronic coupling and the small reorganization energy, this
the high-energy emission is the longer-lived one. mechanism is also expected to be efficient at 77 K.

The 77 K results are quite surprising on considering that In 1, the analogous reductive electron transfer process is
intercomponent energy transfer is efficient even at 77 K in parent forbidden for energetic reasons. However, a two-step energy
complexes such as [(bpRu(u-bpt)Os(bpyl]3t (4)8 and transfer could occur by oxidative electron transfer from a
[(bpy).Ru(u-2,5-dpp)Réix-2,3-dpp)Ru(bpy} 2]8+.216 In par- *(bpy)2Ru(u-bpt)" subunit to a g—2,3-dpp)Ru(bpyf* com-
ticular, the Ru~bpy CT excited state is totally quenched4n ponent (Figure 7, proceds), with production of a “remote”
by energy transfer with sensitization of the-Gspy CT level, CT level (this level corresponds to transitiorin Figure 6).
at both room temperature and 778K. Processl is esoergonic by 0.34 é¥and could drive the overall

We propose that the different behavior bhnd4 as far as ~ process. In fact, the “remote” CT level would undergo to a
the temperature dependence of the energy transfer is concernegecond electron transfer (Figure 7, prodéiggo ultimately yield
can be explained when detailed mechanisms for energy transfeithe luminescent triplet *(bpyRu(u—2,3-dpp¥* excited state.
are taken into account. Intercomponent energy transfer in Electronic coupling for the long-range electron transifeshould
multinuclear metal complexes can occur by an electron exchangeb€ much lower than fof. Furthermore, the reorganization
(Dexter) mechanisr& however, in many cases the boundaries €nergy (which depends on the distance of the electron tréf)sfer
between energy and electron transfer processes in polynuclearvould also expected to be much higher. Higher reorganization
metal complexes are ambigudtisl81%and energy transfer can

ici i ,19 (19) Giuffrida, G.; Calogero, G.; Ricevuto, V.; Campagnan®rg. Chem.
be efficiently mediated by electron transfer stép¥:1° In the 1095 34, 1057,

(20) Note that the charge-separated state produced byl stepigure 7

Figure 7. Electron transfer processes which are proposed to be
involved in4 and1 to mediate intercomponent energy transfer processes
(see text).

(15) The driving force of the process was calculated fromBEhgevalues would convert very rapidly into the Gsbpy CT level by a second
of the two emissions of at low temperature. electron transfer.

(16) Denti, G.; Serroni, S.; Campagna, S.; Ricevuto, V.; Balzanindtg. (21) The driving forceAG of the process was calculated as followsG
Chim. Actal99], 182 127. = *Eox — Ereq, Where *Eoy is the excited state oxidation energy of the

(17) Dexter, D. L.J. Chem. Physl953 21, 836. donor unit (Eox = Eox — Eog) and Eeq is the reduction energy of

(18) Tapolsky, G.; Deusing, R.; Meyer, T. J. Phys. Chem1989 93, 1-2,3-dpp.Eqo is the excited state energy of the (bghi(u-bpt)"

3885. component.
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energies produce larger temperature and medium effects on the Spectroelectrochemical oxidation bivas performed at 1.05
efficiency of electron transfer proces$ésThe low electronic V vs Ag/AgCI in acetonitrile at room temperature. At this
coupling and the high reorganization energy of the first electron potential, only oxidation of Ru occurs (see redox section).
transfer step of the two-step energy transfer mechanist in  Clean isosbestic points at about 640, 330, 300, and 280 nm were
would translate in a high nuclear barrier and could explain the maintained during the course of the oxidation process (Figure
inefficiency of the intercomponent transfer process in rigid 5). On reduction back to 0 V, the initial spectrum is almost

matrix at 77 K. totally recovered, showing the reversibility of the process. The

In order for the two-step mechanism to operate, electron main spectral changes (Figure 5) can be interpreted as follows.
transfer from the “remote” CT level to produce *(bpRu(u- (i) The decrease of the absorption in the region around 430 nm
2,3-dpp¥* (procesdll in Figure 7) should be relatively fast, in  is mainly due to the disappearing of the Rebpy CT transitions
spite of the fact that this process is almost isoergéhactually, (transitionc in Figure 6) and, at a minor extent, of the Reju-

a hole-transfer superexchange mechanism involving the anionicbpt CT transition, expected in the region 3300 nmé (i)
bpt bridge, the central Ru metal, and teeluced?,3-dpp bridge The decrease of the bpy-centered absorption peaking286
(i.e.; another anionic bridge) is expected to yield a strong long- nm with the contemporary increase of the absorption in the
distance metatmetal communication between the oxidized region 306-330 nm is due to the red-shift of the ligand-centered
Ru(lll) of the (bpy}»Ru(u-bpt) component and the donor Ru(ll)  transition involving the two bpy ligands coordinated to Ru
metal of the reduceduf2,3-dpp)Ru(bpyyt unit® Anionic Actually, bpy-centered transitions in [Ru(bgl$)” occur at lower
bridging ligands are indeed known to promote strong metal energies than the corresponding transitions in [Ru@pyJ°
metal interactions in multicomponent system$2> The pres- (iii) Increased absorption a& > 660 nm is probably due to
ence of the anionic bridge would therefore be decisive to obtain LMCT transitions (i.e.u-bpt—=Ru." CT).
such a strong communication and speed up the second electron Interestingly, even an infrared absorption band appéass (
transfer steg® Furthermore, competitive direct charge recom- = 1370 nM;emax = 1870 M1 cm™1; half-width = 3690 cnrl;
bination from the remote CT level to the ground state should Figure 5, inset), which can be assigned to an intervalence
probably lie in the Marcus inverted regionG ~ 1.73 e\?%) transfer transition (ReY — Rua"' CT). By using the common
and is expected to be not very fast. Hush equatiof? to calculate the electronic delocalization
Spectroelectrochemical Oxidation. Because of the high  coefficienta? between the redox centers Rand Ru, a value
number of redox sites which are presentlirand in similar of 0.010 is obtained (the Rt-Ru, distance is assumed to be
multicomponent compounds, spectroelectrochemical investiga-6.18 A). The fact that the? value is much smaller than the
tions on these species are quite interesting and can provide usefulinity confirms the supramolecular nature df in that the
information on the contribution of the various MLCT transitions valencies can be considered trapped.
to the visible absorption and on the extent of the electronic )
interaction between the metal-based chromophores. As the firstconclusion

Step toward this direction, here we will discuss the Spectrum of The first p0|ynuc|ear luminescent and redox-active Compound
the singly oxidized form of the title compound. (1) in which both electron-rich and electron-poor polypyridine
bridging ligands are present has been prepared, and its spec-
(22) (a) Marcus, R. ADiscuss. Faraday So496Q 29, 21. (b) Marcus, R. troscopic, photophysical, and electrochemical properties have
A.; Sutin, N.Biochim. Biophys. Actd985 811, 265. been studied and compared with those of parent complexes.

(23) See, for example: Verhoeven, J. W.; Paddon-Row, M. N.; Warman, . o .
J. M. In Photoprocesses in Transition Metal Complexes, Biosystems Excited states and oxidation and reduction processes are

and Other Molecules: Experiment and Theokochanski, E., Ed.; localized in specific sites of the multicomponent structure.
Kluwer: Dordrecht, The Netherlands, 1992; p 233. However, perturbations of each component on the redox and

(24) The energy of the *(bpyRu(«—2,3-dppj" subunit is 1.72 eV gyited states of the other subunits of the multinuclear system
(obtained from thdego energy at 77 K, see also ref 15), and the energy . .. .
of the “remote” CT level is estimated to bel.73 eV (obtained from can be evidenced, as well as electronic interactions between

the excited state energy of the bpt-containing peripheral subunit, 2.07 the metal-based components. Intercomponent energy transfer
eV, decreased by 0.34 eV (see ref 21). Note that this is not reflected i5 efficient in 1 in fluid solution at room temperature, whereas

by the redox properties of the Ru(ll) atoms. Coulombic stabilization . L .
of the e|ectmpn_hp0|e pair in *(bpng)U(u—ZB-dppV balances the  the process is not observed in rigid matrix at 77 K. An energy

different oxidation potentials of the metal ions. transfer mechanism mediated by two successive electron-transfer
(25) (a) Bignozzi, C. A.; Paradisi, C.; Roffia, S.; Scandolanérg. Chem. processes has been proposed to rationalize the photophysical

1988 37, 408. (b) Haga, M.; Bond, M. Alnorg. Chem.1991 30, roperties

475. (c) Endicott, J. F.; Song, X.; Watzsky, M. A.; Buranda, T.; Lei, prop :

Y. Chem. Phys1993 176, 427. .
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disagreement between calculation and experimental results seems toSPectral fitting of the absorption spectrum Dbfin the visible region
suggest that the usual approximations employed in calculatirgefo and time-resolved emission spectra bfin rigid matrix at 77 K,
energy transfer for isolated molecules (statistical terms are used for respectively (3 pages). Ordering information is given on any current
taking into account the mutual orientation of donor and acceptor masthead page.
electric dipoles) could not be suitable for calculatingdgter energy
transfer efficiency in supermolecules in which rigid orientations of |C950086A
the interacting dipoles are present.
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(28) See, for example: Gilbert, A.; Baggott, Bssentials of Molecular (30) Vogler, A. InPhotoinduced Electron Transfefox, M. A.; Chanon,
PhotochemistryBlackwell, Oxford, U.K., 1991; Section 5.3. M. (Eds.), Elsevier, 1988, Part D, p. 179.






