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Abstract: The synthesis, characterization, and electrochemical, photophysical, and photochemical properties
of the binuclear compounds [(Ru(Hs-bpy)2)2((Metr).Pz)](PF¢)2 (1) and [(Ru(Ds-bpy)2)2((Metr).Pz)](PFs)2 (2),
where bpy is 2,2'-bipyridine and Hx(Metr),Pz is the planar ligand 2,5-bis(5'-methyl-4'H-[1,2,4]triaz-3'-yl)-
pyrazine, are reported. Electrochemical and spectro-electrochemical investigations indicate that the ground-
state interaction between each metal center is predominantly electrostatic and in the mixed-valence form
only a low level of ground-state delocalization is present. Resonance Raman, transient, and time-resolved
spectroscopies enable a detailed assignment to be made of the excited-state photophysical properties of
the complexes. Deuteriation is employed to both facilitate spectroscopic characterization and investigate

the nature of the lowest excited states.

Introduction

Since the first report on the paradigm pyrazine (pz)-bridge
binuclear ruthenium(ll) complex ([((NBsRu)%pz]?t), by Creutz
and Taubé, pyrazine-bridged multinuclear complexes have
received considerable attentidnnvestigations have focused
predominantly on the electrochemical and spectroelectrochemi-
cal properties of these complexes, in particular toward the
measurement of the degree of delocalization in the mixed-
valence (RURU") specie€:2 The many structural analogues of
the CreutzTaube (CT) ion, involving substitution of the
monodentate amine groups with pyridyl, bipyridyl, chloro, and/
or aquo groups, have provided considerable insight into the
factors that control internuclear interaction in the Ru(Il)Ru(lll)
state*® An alternative approach to the perturbation of the
ground-state properties of the CT ion has been to modify the
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bridging pyrazine unit by substitution in the 2,3-, 2,5-, or 2,3,5,6-
d positions® Many of these systems are especially suited for study
by techniques such as electrochemistry, spectro-electrochem-
istry,” and infrared? Mdssbauef, and UV—vis absorption
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spectroscopies. The majority of these studies have focused on

the relative delocalization of the SOMO, in the mixed-valence
form, over the metal centers and the mechanism for interaction
in systems where direct overlap of the metal orbitals is not

possible (i.e., superexchange processes mediated via either the

HOMO or the LUMO of the bridging ligand). The results of

these studies can be extended, albeit tentatively, as a guide to

the level of excited-state communication between the molecular

components in large systems in their homovalent states (i.e.,

RuU'RuU"), and while this extrapolation may give an indication
of the level of excited-state interaction, it assumes that the
bridging ligand provides the same contribution toward inter-

nuclear interaction in the mixed-valence state as in the homova-

lent excited state. This assumption fails, however, when the
LUMO of the bridging ligand provides a significant contribution
to the lowest excited states, or the dominant mechanism for
energy transfer is via a through-spacergter) rather than a
through-bond (Dexter) energy-transfer mechani8i.is sur-
prising then that, despite such a significant level of interest,
the photochemical and excited-state properties of pyrazine-
bridged complexes have received relatively little attention, with
the notable exception of the dipyridopyrazine (dpp)-based family
of complexes:!!

In the present contribution, the effect of the introduction of
a pH-sensitive 1,2,4-triazole moiety on the ground- and excited-
state properties of a pyrazine-bridged binuclear Ru(Il) complex

is examined in the synthesis and characterization of the binuclear

complexes [(Ru(ltbpy))2((Metr):Pz)](PFs)2 (1) and [(Ru(l-
bpy))2((Metr),Pz)](PF)2 (2), where bpy is 2,2bipyridine and
Ha(Metr),Pz is 2,5-bis(5methyl-4H-[1,2,4]triaz-3-yl)pyrazine
(Figure 1). Recently, a series of ditopic ligands containing both

pyrazine and 1,2,4-triazole moieties have been reported (Figure

2).10 The primary interest in such mixed electron acceptor/
electron donor ligands is in the ability to tune, independently,
ground- and excited-state properties in multinuclear compléxes.
In addition, the acietbase chemistry of the bridging triazole
moiety influences strongly the properties of the complé%és14

Of particular interest in the present study is the effect of the
protonation state of the nonbridging 1,2,4-triazole on the degree
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J. C.; Ronco, S.; Kubiak, C. fnorg. Chem.2003 42, 926-928.

(9) Fuholz, U.; Bugi, H.-B.; Wagner, F. E.; Stebler, A.; Ammeter, J. H,;
Krausz, E.; Clark, R. J. H.; Stead, M. J.; Ludi, A.Am. Chem. S0d984
106, 121-123.

(10) (a) Browne, W. R.; Weldon, F.; Guckian, A.; Vos, J. Gollect. Czech.
Chem. Commun2003 68, 1467-1487. (b) Di Pietro, C.; Serroni, S.;
Campagna, S.; Gandolfi, M. T.; Ballardini, R.; Fanni, S.; Browne, W. R,;
Vos J. G.Inorg. Chem 2002 41, 2871-2878. (c) Weldon, F.; Hammar-
stram, L.; Mukhtar, E.; Hage, R.; Gunneweg, E.; Haasnoot, J. G.; Reedijk,
J.; Browne, W. R.; Guckian, A. L.; Vos J. Giorg. Chem2004 43, 4471
4481.

(11) (a) Fuchs, Y.; Lofters, S.; Dieter, T.; Shi, W.; Morgan, R.; Strekas, T. C.;
Gafney, H. D.; Baker, A. DJ. Am. Chem. S0d.987 109 2691-2697.

(b) Scott, S. M.; Gordon, K. Cnorg. Chim. Actal997, 254, 267-272.
(c) Cooper, J. B.; MacQueen, D. B.; Petersen, J. D.; Wertz, DIndtg.
Chem.199Q 29, 3701-3705.

(12) (a) Hage, R.; Prins, R.; Haasnoot, J. G.; Reedijk, J.; Vos, J. Ghem.
Soc., Dalton Trans1987 1389-1395. (b) Nieuwenhuis, H. A.; Haasnoot,
J. G.; Hage, R.; Reedijk, J.; Snoeck, T. L.; Stufkens, D. J.; Vos, J. G.
Inorg. Chem1991 30, 48-54. (c) Buchanan, B. E.; Wang, R.; Vos, J. G.;
Hage, R.; Haasnoot, J. G.; Reedijk]dorg. Chem199Q 29, 3263-3265.

(d) Browne, W. R.; O’Connor, C. M.; Villani, C.; Vos, J. Gorg. Chem.
2001, 40, 5461-5464. (e) Hage, R.; Haasnoot, J. G.; Nieuwenhuis, H. A.;
Reedijk, J.; de Ridder, D. J. A,; Vos, J. G.Am. Chem. S0d990,112,
9245-9254. (f) de Wolf, J. M.; Hage, R.; Haasnoot, J. G.; Reedijk, J.;
Vos, J. G.New J. Chem1991 15, 501-507. (g) Hage, R.; Dijkhuis, A.
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2,5-Bis-(5-methyl-1H-[1,2,4]triazol-3-yl)-pyrazine
Hy(Metr),pz
pN = 2,2-bipyridine

Figure 1. Structure of the ligand p{Metr),pz and complex.

3 6

(NH,),Ru, 6+ orRP: e 8
&3 &L@N &%@Y
Ru(NH3)5 Ru(opy), Ru(bpy),

CT ion, [(Ru(NH,)5),(p2)]** [Ru(bpy),(1Me-pztr)Ru(bpy),CIF*+ [Ru(bpy),(5-Mepztr)}*

5

2+ 34+
,RU(bpy)z ,Ru{bpy)z
Ru(bpy)2 Ru(bPY)z
[(Ru(bpy),),(bispztr)]?* [(Ru(bpy),) (bpzt) P*
8
ol 6+
(bpy)ZR,\%\/N\ Ru(bpy),
bpy \r/é\(
ﬁb "‘“RU(bDy)2
F<u(bpy>z
C'\Ru(bpy)Z

[(Ru(bpy),)y((pztr);ph)(Ru(bpy),Cl);15*
Figure 2. Structure of some of the complexes discussed in the text.

of internuclear communication and on photophysical properties.
Extensive resonance Raman spectroscopic investigations of both
the ground and lowest excited electronic states, together with
computational analysis (DFT), enable a detailed model of the
excited-state electronic structure to be developed. The results
obtained are compared with those reported for related ligand
systems, e.g., Hop2tand Hbisztr% where Hbpzt is 2-(3-
pyrazin-2-yl-H-1,2,4-triazol-5-yl)pyrazine and Mispztr is 5,5
dipyrazin-2-yl-H,1'H-3,3-bi-1,2,4-triazole (Figure 2). A de-

(13) (a) Barigelletti, F.; De Cola, L.; Balzani, V.; Hage, R.; Haasnoot, J. G.;
Reedijk, J.; Vos, J. Gnorg. Chem.1989 28, 4344-4350. (b) van Diemen,

J. H.; Hage, R.; Haasnoot, J. G.; Lempers, H. E. B.; Reediik, J.; Vos, J.
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tailed picture of the excited-state electronic structure is described,
and the influence of energy states lying higher than the lowest
emissive state is discussed.

Experimental Section

Materials. All solvents employed were of HPLC grade or better

and used as received. For all spectroscopic measurements, UvasoE

(Merck)-grade solvents were employed. All reagents employed in
synthetic procedures were of reagent grade or betterBipgridine
(Aldrich) and fis-[Ru([Dg]-bpy)Cl;]-2H,0O (Complex-Solutions, Dub-
lin, Ireland) were used as receiveis-[Ru(bpy)Cl,]-2H,0,'6 pyrazine-
2,5-dicarbonitrilé}” and tetraethylammonium perchlorate (TEARyere

prepared by previously reported procedures. The synthesis of the Iigand,l.h e UV—

2,5-bis(3-methyl-4H-[1,2,4]triaz-3-yl)pyrazine { Ho(Metr),pz}, was
carried out according to literature methddsH NMR in DMSO-ds:

0 9.41 (2H, s), 2.79 (6H, s). Preparation of the dinuclear complexes
was by direct reaction of the ligand with 2 equiva@$-[Ru(bpy)xCl,]

or cis-[Ru([Dg]-bpy):Cl;], with purification by column chromatography

on neutral alumina. Both complexes gave satisfactory mass spectra,

which showed isotopic patterns in agreement with calculated spectra.
Detailed synthetic procedures are available as Supporting Information.

[(Ru(bpy)2)2((Metr) 2Pz)](PFe)2-3HO (1). This compound was
recrystallized from neutral solution, and therefore the triazole units are
deprotonated*H NMR spectroscopy (in CECN/NaOD): ¢ 8.52 (m,
3H), 8.44 (m, 5H), 8.175 (d, 1H), 8.12 (m, 4H), 8.05 (d, 1H), 7.99 (m,
6H), 7.89 (d, 1H), 7.75 (d, 1H), 7.68 (d, 1H), 7.64 (m, 2H), 7.51 (m,
5H), 7.35 (m, 3H), 7.175 (dd, 1H), 2.18 (s, methyl, 3H), 2.175 (s,
methyl, 3H). Mass spectroscopy: Mol(calcd for GoHaoN1sR W, 534)
found, 534 m/z. Elemental analysis (calcd for sgHioNieRUPF12*
3H,0): C 42.64 (42.55), H 2.75 (3.05), N 15.64 (15.89).

[(Ru([Dg]-bpy)2)2(H2(Metr) .Pz)](PFs)s4 (2). This compound was
obtained from acidic solution, and therefore the triazole groups are
protonated*H NMR spectroscopy (in CECN/NaOD): 6 7.98 (s, 1H),

7.92 (s, 1H), 2.18 (s, methyl, 3H), 2.175 (s, methyl, 3H). Mass
spectroscopy: MéF (caled for GoD3a2HsN16R W, 550) found, 550z
Elemental analysis (calcd forsgH10D32N16RURPF24): C 36.10 (35.71),

H 2.38 (2.5), N 13.00 (13.33).

Physical Measurements!H NMR, UV—vis, emission and mass
spectra, luminescence lifetime, electrochemical and spectro-electro-
chemical measuremen'®! transient differential absorption spectros-
copy
Raman (TR and TR)
are described in detail in the Supporting Information. Photolysis
experiments were carried out at room temperature in acetonitrile using
visible light with a 400-W tungsten filament light source. Elemental
analysis was carried out at the Micro-analytical Laboratory at University
College Dublin.

Density Functional Theory Calculations. Density functional
calculations were carried out with Gaussian G3Wsing Becke's three-
parameter hybrid function® with the LYP correlation function&t
(B3LYP). The LanL2DZ basis set was used. This uses the Durning
Huzinaga doublé- basis function® (DZ) for carbon, nitrogen, and
hydrogen atoms, the Los Alamos effective core potential for the Ru

(16) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem1978 17, 3334~
3341.

(17) Suenaga, Y.; Kamiya, T.; Kuroda-Sowa, T.; Maekawa, M.; Munakata, M.
Inorg. Chim. Acta200Q 308 17—21.

(18) Wang, R.; Vos, J. G.; Schmehl, R. H.; Hage JRAM. Chem. S0d.992
114, 1964-1970.

(19) (a) Kleverlaan, C. J.; Stufkens, D. J.; Clark, I. P.; George, M. W.; Turner,
J. J.; Martino, D. M.; van Willigen, H.; Viek, A., Jr.J. Am. Chem. Soc.
1998 120, 10871-10879. (b) Staffilani, M.; Peter Belser, P.; Hartl, F.;
Kleverlaan, C. J.; Luisa De Cola, . Phys. Chem. 2002 106, 9242—
9250.

(20) (a) Coates, C. G.; Jacquet, L.; McGarvey, J. J.; Bell, S. E. J.; Al-Obaidi,
A.H.R,; Kelly, J. M.J. Am. Chem. So&997, 119, 7130-7136. (b) Coates,

C. G.; Olofsson, J.; Coletti, M.; McGarvey, J. J.nfelt, B.; Lincoln, P.;
Norden, B.; Tuite, E.; Matousek, P.; Parker, A. WPhys. Chem. B001,
105 12653-12664.

19 resonance Raman, and transient and time-resolved resonance B .
L 20\ere carried out as reported elsewhere and polypyridyl ligand. The methyl resonance observed at 2.18 ppm

core electrons, and DZ functions for the Ru valence electtoAs
ultrafine integration grid was used. The structures of the heterochiral
isomers ofl and H,1 were constrained t&€; symmetry during the
geometry optimization. The energies and intensities of the 35 lowest
energy singletsinglet electronic transitions were calculated at the
optimized geometry using TD-DFT. GaussSum?2®.&as used to
alculate group contributions to the molecular orbitals, to prepare the
artial density of states (PDOS) spectra, to convolute the calculated
UV —vis spectrum, and to prepare the electron density difference maps
(EDDMs). The contribution of a group to a molecular orbital was
calculated within the framework of Mulliken population analysis. The
PDOS spectra were created by convoluting the molecular orbital
information with Gaussian curves of unit height and fwhm of 0.3 eV.
vis spectrum was convoluted with Gaussian curves of fwhm
of 3000 cnr™.

Results

IH NMR Spectroscopy. IH NMR data are given in the
Experimental Section and in the Supporting Information, Figure
S1. Forl, two methyl resonances at 2.175 and 2.18 ppm and a
total of 34 aromatic resonances are observed, while for tile [D
bpy analogue only the resonances due to the methyl groups
and pyrazine ring are observed, as expected. The observation
of two methyl and two pyrazine singlet resonances is explained
by the presence of two diastereoisomeric forms for both
compounds (i.e.AA/AA and AA) and confirms that the
coordination mode of each of the 1,2,4-triazole rings is the same
(i.e., N2N2 or N4N4 and not N2N4, see Figure'd$27

The incorporation of a methyl substituent in the C5 position
of the 1,2,4-triazole ring is known to inhibit coordination via
the N4 of the 1,2,4-triazole ring, resulting in almost exclusive
formation of the N2-bound isomer@0%)122.1328The methyl
IH NMR resonance of the 1,2,4-triazole ring is particularly
sensitive to the coordination mode of the ring. In the related
mononuclear complexes, [Ru(Li(b-Mepztr)]" (where LL =
bpy, phen, or dmbpy, Figure 23,a resonance at 2.32.35
ppm is indicative of N2 coordination, while for N4 coordination
an upfield shift in the methyl resonance to +1.3 ppm is
observed, due to through-space interaction with a neighboring

for the compounds reported in this contribution, therefore,
confirms the N2N2 coordination mode to the 1,2,4-triazole rings.

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N,;
Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo,
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R,;
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a intraligand z—zx*) transitions (Table 1§° Figure 4 shows that

20 there are two different protonation steps, indicating significant
interaction between the two triazole rings, and as a result the
formation of the singly protonatddl is observed at intermedi-
ate pH values. Protonation results in a red shift of the lowest
absorption band from 530 to 565 nm, while the higher energy
10044 band undergoes a blue shift from 467 to 424 nm. The intraligand
(;r—a*) transition at~280 nm undergoes only a relatively minor
20041 blue shift on protonation; however, the absorption band at ca.
350 nm is more strongly blue-shifted. Th&jvalues for the
-3001 4 two protonation steps areKgs = 2.7 and a2 = 4.7 + 0.1.

10.0p 4

0.0

Current in microAmps

T T T T T T
14 12 1.0 0.8 06 0.4 0.2 0.0

pK, = 2.7 K, = 4.7
Potential (V) vs. SCE H,1 al H1 a2

50.0u1 The absorption and the emission spectralii,1 exhibit

solvatochromic behavior. Interestingly, the effects of solvent
on each of the absorption bands are different. For Aoéimd
H.1, the lowest energy band undergoes a red shift with
increasing solvent polarity, while the bands at ca. 450 and 350
nm are blue-shifted. Botll and H,1 are emissive at room
temperature and at 77 K (Table 1), and although the emission
spectra are unaffected by deuteriation of the bpy ligands,
deuteriation has a noticeable effect on the emission lifetime of
the complexes (Table 1). At 298 K, deuteriation results in an
300u-t e " e 7o increase in emission lifetime of ca. 17%, while at 77 K, the
potential in V vs. SCE effect is more pronounced, with an increase in emission lifetime
Figure 3. (a) Metal-based oxidation. (b) Ligand-based processe$ ior of 30%. Upon protc_)na_tlon of to form H1 and subsequently
0.1 M TEAP/CHCN (CV scan rate 200 mV-$; inset, DPV scan rate 40 t0 form H1, the emission spectrum of the complex undergoes

40004 3,
30.0p
20.0p
10.0p 1

0.0

-10.0p

Current in microAmps

20,04

mV s79). a red shift from 748 nm te~800 nm (in CHCN),®! and the
decrease in emission lifetime is observedHid compared to
Redox, Electronic, Photochemical, and Acie-Base Prop- 1, in agreement with the energy gap |&%.

erties. Reversible metal-based oxidation processes are observed The photochemical stability of andH-1 was examined in
at 0.875 and 1.05 V (vs SCE, Figure 3) fband at 1.28 and  H,0, methanol, ethanol, acetone, acetonitrile, THF, DMF,
1.45V forHz1. The first oxidation process occurs at potentials pMSO, and dichloromethane by monitoring changes in their
Comparable with those observed for related 1,2,4-triaZO|e-basedUV—ViS absorption and emission Spectra during photo%is_
complexes but at a considerably higher potential than observedsyrprisingly, forH,1 no evidence for photodecomposition was
for the Creutz-Taube ion (see Table 1). Far four reversible  observed after extended photolysis (4 h) in any of the solvent
reduction processes are observed betweérD and—2.0 V. systems examined. Similarlg,was found to be photostable in
Due to the electron-deficient nature of the pyrazine ring, the protic solvents and in most aprotic solvents. However, in
first reduction process is expected to be pyrazine-based, followedacetonitrile and DMSO1 was found to be photochemically
by bpy-based reductiori$® unstable, with changes (a collapse of the absorption at 550 nm
The separation of the first and second oxidation processesand modification of the absorption a350 nm; see Supporting
facilitates the preparation of the mixed-valence and fully oxi- Information, Figure S2) observed over several minutes of
dized complexes by bulk electrolysis, and although the complex jrradiation.
becomes unstable in the 1l/lIl and 1lI/Ill oxidation stafég? Resonance Raman Spectroscop”ﬁ_@round_state resonance
useful information may still be obtained using this technique. Raman (rR) spectra were obtained fdH,1 at Ay, = 457.9,
For Hz1 only a very weak band is observed-a850 nm upon 488, 514.5, and 532 nm. Assignment of the spectra is facilitated
oxidation at 1.0 V. Oxidation at a potential above the second greatly by the availability of the deuterated analoguie,2.
oxidation wave results in a depletion of this feature, which Figure 5 shows the excitation wavelength dependence of the
suggests that it is an intervalence (IT) band. Epevidence (R spectra between 457.9 and 532 nm fan basic aqueous
for the presence of an IT band (between 400 and 2500 nm) splution. At all wavelengths examined, features are observed

was not obtained by either spectroelectrochemistry or chemical gt 1603, 1508, 1477, 1401, 1283, 1244, and 1165'ciThese
oxidation.

The absorption Spectrum of shows Strong absorption (30 ;ﬁ/;ilgkgevitch, M.; Brauns, E.; Brewer, K. Jnorg. Chem 1996 35, 1737~

)
features at-550 and~450 nm (Figure 4), which are assigned (31) Between 800 and 850 nm the detector response drops off, and hence the
to metal-to-ligand-charge-transfer transition((CT). An ) e oy L e,
)

(32

. ; . . Kober, E. M.; Caspar, J. V.; Lumpkin R. S.; Meyer, TJJPhys. Chem
equally intense absorption feature~a8350 nm (vide infra) and 1986 90, 3722-3734.

; i H (33) Examination of the photochemistry of the monoprotonated complex was
a very intense absorptlon band 2280 nm are aSSIQned as not attempted due to the small separation between the first and second
protonation steps, which might have resulted in the photochemistry of any
(29) Adeyemi, S. A.; Braddock, J. N.; Brown, G. M.; Ferguson J. A.; Miller, F. of three protonation states being observed in this pH region.
J.; Meyer, T. JJ. Am. Chem. S0d 972 94, 300-301. (34) Strommen, D. P.; Nakamoto, K. Chem. Educl977, 54, 474-478.
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Table 1. Redox and Spectroscopic Data for 1/H,1 and 2/H,2 and Related Complexes in CH3CN (Protonation with CF3CO2H)

emission Apad/nm
absorption Ama/nm 7ins Tlus MM ligand energy of IT
(log €) at298 K at77 K2 EilV vs SCE red. Ey/V vs SCE band/ cm™ (¢) ref
1 241 (4.56), 290 (4.89), 748 (191) 697 (2.32) 0.875[1], 1.05[1}1.18[1],—1.58[2], 11760 €100)
467 (4.22), 530 (4.38) —1.80[1],—1.91[1]
Hol 282 (4.88), 424 (4.21), 780 (124) 756 (1.65) 1.28[1],1.45[1]
565 (4.34)
2 241(4.64), 290 (4.98) 749 (220) 700 (3.15) 0.875[1], 1.05[1}+1.18[1],—1.58 [2]
467 (4.25), 530 (4.35) —1.80[1],—1.91[1]
H22 282 (4.80), 424 (4.24) 779 (142) 750 (2.23) 1.28[1],1.45[1]
565 (4.33)
[(bpy)CIRu(pyrazinef™ 292 (4.96), 339 (4.08), 0.89[1], 1.02 [1] 7690 (455) 5a
497,513 (4.41)
4 [((bpy)2Ru)xbpztP+ 449 (4.42) 670 (106) 610 (6.4) 1.16[1],1.46 [1] —1.26,—1.39,—1.55, 5405 (2200) 15
—1.63,-1.85
5 [((bpy)z2Ru)(bispztr) P+ 455 670 (214) 0.92[1], 1.09 [1] 5580 (1120) 10b
H25 [((bpy)2RuyHzbispztrf™ 430 678 (1000) 1.13[2] 10b
6 [Ru(bpyk(1Me-pztr)- 440 (4.23),530 (4.28) 730 705 0.92[1], 1.41[1] —0.97 [1],—1.51 [1] 10 400 (480) 12e
Ru(bpy}Cl13*+ —1.57[1],-1.76 [1]
8 [(Ru(bpy))s((pztr)zph)- 465 (6.72), 515 (6.72) 775 685 0.94,1.16 —1.14,-1.50,-1.71 49
(Ru(bpy}Cl)]**
H38 [(Ru(bpy)k)s((Hpztreph)- 445 (6.35), 530 (6.50) 769 695 0.97,1.35 49
(Ru(bpy}Cl)s]**
7 [(bpy)Ru(5-Mepztr} 458 (1.21) 670 627 0.92[1] —1.44,—1.66,—1.80 12b
H7 [(bpy).Ru(H5-Mepztr* 441 (1.27) 665 620 1.29[1] —1.22,-1.52,—-1.77 12b
[Ru(bpy)]?" 452 (4.1) 620 (1000) 582 (4.8) 1.23[1] —1.36,-1.54,-1.79 37
[Ru(bpzy]?+ 440 (4.1) 610 (740) 573 1.93[1] —0.74,-0.92,-1.18 35
0.40 | (n) (n) @) observed for the fully protonated completAl), with bands at

1612, 1510, 1494, 1425, 1318, 1291, 1196, and 1151lcm
assigned to the protonated pyrazine ligand. Shorter-wavelength
excitation shows some diminution of these bands, in parallel
with the appearance of vibrational bands at 1565, 1493, 1425,
1320, and 1278 cri, again assigned as bpy vibrations (see
Supporting Information, Figure S3). It is interesting that the
1612 cnt! pyrazine band retains its relative intensity at shorter-
wavelength excitation, indicating that there is a significant
contribution of pyrazine-basedLCT at 457 nm3®

The solvent dependence of the absorption spectra and in
particular the opposite dependence of 50 and~530 nm
absorption features (vide supra) has implications for the
resonance Raman experiments. rR spectra recorded at 457.9 nm
in CD3sCN show enhancement of the vibrational features
assigned to bpy relative to those of pyrazine, compared with

] ) the spectrum obtained in,® (see Supporting Information,
g’gi" e( e4)' 332’5?6%'%%’S(Z‘i‘g.rgl?i(h"’;t 4‘.’(')"3’("’(?) }1'.2%, gjk;)s.lé?ﬁﬁ ESCZ)f%IZ) éfig)& Figure S4). This is in accordance with the red shift observed in
(m) 9.41, and (n) 12.98 in BrittorRobinson buffer (pH was adjusted using ~ the ~450 nm absorption band in acetonitrile relative to water,
concentrated sulfuric acid or sodium hydroxide solution). which brings the transition into better resonance with the 457.9

are assigned to pyrazine-based vibrations, based on compariso m exustjnon line (see Figure 6 and Supporting Information,
with [Ru(bpz}]2* 35 (1596, 1517, 1484, 1410 (w), 1347, 1277, F19ure S4). _ , _

1194, 1164 cm).36 At 457.9 nm, and to a lesser extent at 488 Excited-State Transient Absorption and Transient Reso-

nm, additional bands are observed at 160574 , 1560{ 1523, nance Raman Spectroscop$® The nanosecond transient dif-
1487{1418, 1318{1255, 1275, and 1176 cnt, which are ferential absorptionAA) spectra of botil andH,1 are shown
readily assigned as bpy modes on the basis of the isotope shift" Figure 7. For both, upon excitation at 450 nm, a pronounced
observed ir2 ([Dgl-bpy band energies if} ) and by comparison bl.eachln.g of the ground-st.ate absorption sp.ectrum is observed,
with the spectrum of [Ru(bpyl2+.3"38 A similar trend is with excited-state absorption bands appearindlfat 380 and
480 nm and foH,1 at 365 and 475 nm. The relatively small

(35) Allan, G. H.; White, R. P.; Rillema, D. P.; Meyer, T.1.Am. Chem. Soc. differences in the transient absorption spectra betwleand
1984 106, 2613-2620.

(36) Danzer, G. D.; Kincaid, J. Rl. Phys. Chem199Q 94, 3976-3980.

(37) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von (39) Gardner, J. S.; Strommen, D. P.; Szulbinski, W. S.; Su, H.; Kincaid, J. R.

0.35-.
0.30-. A\
0.25-
0.20-

0.15

Absorbance (AU)

0.10

0.05

T T T T T T T T T T T T T T T T
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Zelewsky, A.Coord. Chem. Re 1988 84, 85—-277. J. Phys. Chem. R003 107, 351—357.

(38) (a) Maruszewski, K.; Bajdor, K.; Strommen, D. P.; Kincaid, JJRPhys. (40) (a) Terner, J.; El-Sayed, M. Mcc. Chem. Red985 18, 331-338. (b)
Chem.1995 99, 6286-6293. (b) Mallick, P. K.; Danzer, G. D.; Strommen, Schoonover, J. R.; Strouse, G. Ghem. Re. 1998 98, 1335-1355. (c)
D. P.; Kincaid, J. RJ. Phys. Cheml988 92, 5628-5634. (c) Strommen, Morris, D. F.; Woodruff, W. H. InSpectroscopy of Inorganic Based
D. P.; Mallick, P. K.; Danzer, G. D.; Lumpkin, R. S.; Kincaid, J. R. materials Clark, R. J. H., Hester, R. E., Eds.; John Wiley & Sons: New
Phys. Chem199Q 94, 13571366. York, 1987.
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Figure 5. Resonance Raman spectralofh H,O at 457.9, 488, 514, and 532 nm probe wavelengths.
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Figure 6. Absorption spectra ol (dashed line) andi,1 (solid line) in §
H20 (top) and CHCN (bottom). Spectra in O are offset by 0.5 AU for 2
clarity. dexc values used in recording ground- and excited-state resonance 3
Raman spectra are indicated.
H»1 are surprising, considering the larger differences observed Sround stat
. . round state
in the ground-state spectra (Figure 6). The ground-state re-
covery time in each case is in close agreement with lumines- 30 400 45 50 550 600 650 700 750 800
cence lifetimes, and the evolution of the spectra with time shows wavelength / nm

only a change in intensity, indicating that in both cases only a Figure 7. Ground-state and transient absorption spectra ofl ()0 ns
increment) and (bH21 (5 ns increments)lexc = 450 nm. The asterisk

smgle_ e)c(jCIted_State species is present over the time rang€pgicates the 354.67 nm excitation line used in?BRd TR experiments.
examined.

The combination of strong ground-state absorption at 350 and354.67 nm enables the use of variation in the excitation laser
530 nm and the presence of an excited-state absorption band apulse energy to differentiate between ground- and excited-state

~350 nm facilitates the study df andH,1 by transient (TR) features. At low photon flux, the spectra are almost entirely
and time-resolved resonance Raman spectroscop$).(3Rgle- composed of ground-state features at 1604, 1504, 1476, 1399,
colored transient resonance Raman spectra were recorde®in H 1332, 1283, 1149, and 1016 chifor 1 and at 1613, 1514, 1494,
at both 354.67 and 532 nm fdrH,1 and 2/H,2. 1426, 1327, 1116, and 1005 cinfor H,l. Excited-state

As shown in Figure 8, the presence of a significant ground- resonance Raman spectra were obtained at higher phototi flux.
state as well as excited-state absorption (for dodimdH,1) at Vibrational features typical of a bpy radical anion (at 1285 and

1234 J. AM. CHEM. SOC. = VOL. 127, NO. 4, 2005



Luminescent Pyrazine-Bridged Binuclear Complexes ARTICLES

1)

mJ

0.5mJ

=

T T T

T T T T
1600 1500 1400 1300 1200 1100 1000 900 |1600 |1500 |1400 |1300 ‘1200 T1100 ]1000
Wavenumbers in cm’! Wavenumbers in cm’!

T

1209

i b)

S5ml

=

1 mJ

0.5mlJ

A n»/\fﬂm Al
T T T T T T T ! T T T T v T T VoV T oy
1600 1500 1400 1300 1200 1100 1000 900 1600 1500 1400 1300 1200 1100 1000 900 800
Wavenumbers in Cl’l’l'1 Wavenumbers in Cl’l’l'1

Figure 8. TR? spectra of (i)1 and (ii) H21 (in H2O/HCI), single color pump and probgex. = 354.67 nm. Left: energy-resolved spectra normalized to
ground-state feature. Right: (a) pure ground and (b) pure excited state.

1212 cnt?) are notably absent in the high-energy?T$pectra This is in agreement with excited-state absorption spectra (vide
of both 1 andH>1. For 1, excited-state bands are observed at supra), which indicates that insignificant excited-state absorption
1566, 1495, 1389, 1318, and 1191 ¢mIn the case oH>1, is present at 532 nm. Spectra recorded in acetonigilare in

the vibrational features appear at 1609, 1519, 1322, 1209, 1148good agreement with the results obtained in agueous solution.
982, and 796 cm'. Aimost identical spectra were obtained for TR® spectra were recorded for bothand Hz1 (Apump = 532

the deuterated analogue®/H;2), confirming that the peaks  nm,Ap0pe= 355 nm in HO; see Supporting Information, Figure
observed are pyrazine- rather than bpy-based.SpRctra ofl S5). The time-resolved spectra obtained indicate, in agreement
recorded at 532 nm show predominantly ground-state features,with the transient absorption spectra in Figure 7, the involvement
which are essentially identical to those obtained in the ground- of a single excited-state species (in the nanosecond time regime)
state rR studies (vide supra). At high photon flux, bands at 1562, in each case.

1490, 1389, and 1320 crh similar to those obtained at high
photon flux at 354.67 nm are observed. Fbrl, only ground- (41) Excited-state resonance Raman spectra: the resonance Raman spectra of
state features are found, identical to rR spectra obtained by the complex in its excited state with contributions to the spectra from the

N . X complex in the ground-state removed by spectral subtraction (see Figure
excitation at the same wavelength using a continuous-wave laser.  8).
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MeHtrz fatbpy lished? Factors such as the distance between the metal centers,

the nature of the bridge, and the electronic properties of the
(N pz nonbridging components are of interest. In this contribution,
N.. ‘ § the title compound has been designed to provide a closely related
“\N_ ARy analogue for both the bpztype dimers (e.g., compound
Me/%# NN N~ _Me Figure 2) we have investigated in the past and the Creutz
N N'»Ru""g"\H Taube ion-type complexes. In the former case, the two metal
N/\ N centers are bridged by a ligand containing two pyrazine rings
orthobpy/ NJ and directly bridging 1,2,4-triazole(s), while in the latter case
H.1 the bridge is provided by a single pyrazine ring. The separation
2 between the two metal centers is similar for the CT #4rand
Figure 9. Nomenclature used in DFT calculations. 1/H,1, which allows examination of how the differences in the

composition of the bridging ligand affect the electronic and

DFT Calculations. The complexed andH.1 were studied  electrochemical properties of the compounds. Of particular
using the B3LYP/LanL2DZ functionals. As discussed above, interest is the electron delocalization in the mixed-valence state
both 1 andH>1 are formed as homo- and heterochiral diaste- and the effect that the protonation state of the triazole rings has
reoisomers; however, in the present study only the heterochiralgn the electrochemical and electronic properties of the com-
stereoisomers are examined due to the significant simplification poung.
the presence of a center of symmetry brings to the calculation Redox Properties. The redox processes observed at anodic
(Figure 9). ForH.1, an additional complication arises upon  potentials for botti andH-1 are assigned to sequential oxidation
protonation. Previous studies on the relative reactivity of the of each of the metal centers, and the separatidh (1) = 175
uncoordinated nitrogen ligands of the 1,2,4-triazole ring have my AE (H,1) = 170 mV) is typical for complexes containing
indicated that the N1 position is less acidic than the N4 position bridging pyrazine rings, such as [(Ru(bg®))zpz+ (AE = 130
(Figure 1). Hence, the N1 position of each of the 1,2,4-triazoles mV)52and [(Ru(bpyd)dppP* (AE = 200 mV)& The AE value
was protonated for the DFT calculationsiofl. After geometry  provides a measure for the stability of the mixed-valence
opti_mization with an uItrafine_integration grid, t_he molecular compound toward disproportionation, as shown in eq 1, which
orbitals were broken down in terms of contributions from yje|ds values for the comproportionation constdty, of 910

various groups in the moleculéRy, the two Ru atomspz, the for 1 and 750 forH ,1.42

pyrazine ring;Metrz, the methyltriazole moietiesMeHtrz in

the case oH1); flatbpy, the two equivalent bipyridines, which K = PEMVI2569 i1 — 298 K )
C

lie in the same plane, including the Rpz—Ru axis; and
orthobpy the remaining two bipyridines (Figure 9). The results
obtained for the frontier orbitals dfandH,1 are listed in Table
S1 (Supporting Information).

In the frontier region, neighboring orbitals are often closely
spaced. In such cases, consideration of only the HOMO an

The separation observed contains contributions from elec-
trostatic interactions as well as electron delocalizatiofihe
importance of the latter can be determined from a detailed

ganalysis of the spectroscopic properties of the mixed-valence
LUMO may not yield a realistic description. For this reason, S0mplexes. The observation of a very weak absorption band at
partial density of states (PDOS) diagrams, which incorporate a 850 Nm forHz1 and the absence of an IT band Irindicates

degree of overlap between the curves convoluted from neigh-that, despite the proximity of the two metal centers, the
boring energy levels, can give a more representative picture_electronlc delocalization between the metal centers in the ground

The PDOS diagrams fat and H,1 are shown in Figure 10. state is at best very weak and that the separation between the
Using the time-dependent density functional theory (TD-DFT) first and second redox processes is predominantly due to
approach, the 35 lowest energy singlet transitions afidH 1 electrostatic contributions. Indeed, the strength of the effect is
were calculated and are listed in Table S2 (Supporting Informa- COmMparable with the eIectroAStfﬁic effect of protonation on the
tion). The results are simplified due to the presence of a center €d0X potentials oft andH1.%44 -

of symmetry, and the molecular orbitals of the complexes are __ 1"€ €lectrochemical studies yield two unexpected results.
either symmetric () or antisymmetric (4) with respect to the First, while for bgth Fhe CT ion and elegtronlc !nteractlon (in
inversion center. Electronic transitions between orbitals of the terms of delocalization of the SOMO) is relatively strong, for

same symmetry (labeledyAn Table S2) are forbidden and have 1/H,1 electron delocalization is not significant. Second, it is
a calculated oscillator strength of 0; hence, only the A unexpected that the value ohE obtained for 1/H,1 is

transitions arising from transitions between orbitals with dif- independent of the protonation state of the triazole ring. For
fering symmetries contribute to the calculated s spectra  Other triazole-based dinuclear systems such as compbund
(Figure 11). Electron density difference maps (EDDMs) cor- (Figure 2), very different behavior is observed. In the depro-
respono.ling.to five electronic transitions discussed bglow are (42) Richardson, D. E.. Taube, khorg. Chem 1981, 20, 1278-1285.

shown in Figure 11. These maps show the change in charges) Evans, C. E. B.; Naklicki, M. L.; Rezvani, A. R.; White, C. A.; Kondratiev,
density associated with a particular electronic transition. V. V., Crutchley, R. J.J. Am. Chem. Sod998 120 13096-13103.

(44) The effect of protonation can be viewed as a “double oxidation” in terms
of the change in charge; therefore, the increase in the first and second redox

Discussion potentials ofL upon protonation tél,1 would be expected to be equivalent
. L . . to twice AE (i.e., 350 mV). The actual increase upon protonation is 400
The importance of the structure of the bridging ligand in mV, and the larger effect of protonation of the 1,2,4-triazole is probably
i ; ; ; ; i due to the closer proximity of the increase in charge (and hence electrostatic
determlnlng the extent of mtercqmponent Intera?tlon in mult effect) compared with oxidation of one metal center (cf. distance dependence
nuclear transition metal polypyridyl complexes is well estab- of columbic interactions).
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Figure 10. Partial density of states diagram for (aand (b)H,1. See text for description of the groups.

tonated staté shows aAE value of 170 mV, while for its it very unlikely that hole transfer is an appropriate mechanism
protonated analogue a single two-electron wave is observed. Into describe the nature of the interaction between the two metal
addition, for5 the deprotonated analogue shows an intervalence centers. However, the experimental observations may be
band, while for the protonated species no intervalence featuresexplained by considering the strong coupling observed for the
are observed. The pH-dependent behavior is typical of interac-CT ion, which is rationalized by assuming a LUMO-mediated
tion via a hole-transfer mechanishand is observed for related  superexchange mechani§nAn important parameter, which
imidazole-based systems af8dt is, therefore, surprising that  determines the efficiency of such a mechanism, is the HOMO
the AE values obtained foll andH»1 are the same and that [ UmoO energy gap. Meyer and co-workers have demonstrated
evidence for electron delocalization, in the form of an interva- that pyrazine-bridged binuclear complexes with bettacceptor
lence feature, is observed only fdpl. These observations make properties than NH (e.g., [(bpy)CIRu-(u-pyrazine)-RuCl-

2+ ihi H
(45) (a) Haga, M.; Ano, T.; Kano K.; Yamabe, I8org. Chem 1991 30, 3843— (bpy)z] . ) exhibit a weaker IT band at much hlgher en.ergy than
3849 (b) Haga, M.: Ali, Md. M.+ Koseki, S.; Fujimoto, K. Yoshimura, A the CT ion (Table 15.The presence of good-acceptor ligands,

Nozaki, K.; Ohno, T.; Nakajima, K.; Stufkens, D. lhorg. Chem.1996 _
35 3335-3347. (¢) Haga, M.- All, Md. M.: Arakawa, Fngew. Chem., _such as bpy, decre_ases the metal-based HOMO energy and hence
Int. Ed. Engl 1996 35, 76-78. increases the barrier to electron transfer between the Ru(ll) and
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Figure 11. Convoluted calculated U¥vis spectrum ofl (top) andHz1
(bottom). The green lines are the individual electronic transitions. Also

shown are three electron density difference maps corresponding to transition

1, 13, and 30%) and 5, 8, and 25H1) (green indicates an increase in the
charge density, and red indicates a decrease).

Ru(lll) centers. As a result, the oxidation of the first metal center

affects the second metal center, but the barrier to electron

“hopping” between the Ru(ll) and Ru(lll) centers is increased

higher energy of the IT band than for the CT ion. If a LUMO-
mediated exchange mechanism determines the intercomponent
interaction in1 andH>1, then the absence of a clear IT band in
the mixed-valence state is not unexpected.

Reductive ProcessesAssignment of the first reduction
process observed at cathodic potentials as being pyrazine-based
is made by comparison with closely related pyrazine-bridged
binuclear complexes (Table 1). The subsequent reduction waves
observed are assigned as bpy-based reductions, the first of which
is a poorly resolvedAE < 60 mV) bielectronic redox wave
corresponding, at least approximately, to a single bpy reduc-
tion of each metal centéf.The third bpy reduction is at 200
mV more negative potential than the first/second bpy reduction.
The third and fourth bpy reductions, which are again assigned
to a single bpy reduction at each metal center, are separated by
~110 mV.

The observation that the first and second bpy reductions occur
at almost the same potential, while there is a 110 mV separation
between the third and fourth bpy reduction steps, may be
rationalized on the basis that the first three bpy reduction steps
are stabilized by delocalization over the remaining unreduced
bpy ligands. For the fourth bpy reduction process, such
stabilization is not available; hence, the separatiti) (between
the third and fourth bpy reduction processes is larger than that
between the first and second bpy reductiths.

The delocalization of charge in the reduced state is unex-
pected, considering the very low level of delocalization in the
mixed-valenceg/ Ru(Il)Ru(lll)} complexes (vide supra). If the
“interaction” strength is a fixed parameter and is independent
of the redox state of the complex, then four separate bpy
reduction processes would be expected due to electrostatic
factors, with the separation between the four bpy reductions
being approximately equédf. The first two reductions are
delocalized over eight pyridyl rings, and hence electrostatic
interactions will be reduced significantly from those observed
during oxidation where oxidation is localized on the ruthenium
centers. The increased separation between the third and fourth
reduction processes (100 mV) cannot be rationalized on the basis
of a single reduction at each metal center since the electrostatic
effect, and hence separationK), would be similar to that
between the first and second bpy reduction processes. The
increased separation can be explained by considering that the
third reduction process is stabilized by delocalization over the
two centers, while the last reduction does not benefit from
such stabilization through delocalization. A similar reductive
electrochemistry is seen in the related binuclear complexes

J(Ru(bpy))-bpt* 140 and [(Ru(bpy))bpztP* % and indicates

that there is significant interaction/delocalization between the
bpy ligands on both metal centers. The results obtained suggest
that the communication between the Ru(pynits is increased
when the bpy-based reductions are considered, and this can be
explained by the fact that the bpy-based reductions take place
in a complex containing a negatively charged (reduced) pyrazine

and the mixed-valence complex may be viewed as valence-

trapped or localized® Overall, the high energy barrier to
optical electron transfer and the localization of the SOMO on
a single metal center result in a lower oscillator strength and

(46) (a) Hupp, J. TJ. Am. Chem. Sod99Q 112 1563-1565. (b) Piepho, S.
J. Am. Chem. S0d99Q 112 4197-4206. (c) Petrov, V.; Hupp, J. T;
Mottley C.; Mann, L. CJ. Am. Chem. S0d 994 116, 2171-2172.

1238 J. AM. CHEM. SOC. = VOL. 127, NO. 4, 2005

(47) Ghosh, B. K.; Chakravorty, ACoord. Chem. Re 1989 95, 239-294.

(48) TheEy — Epa of the first bpy reduction peak is 120 mV and not the 29.5
mV expected for a double-electron-transfer process; 120 mV is twice that
expected for an electrochemically reversible 1tensfer. The third and
fourth bpy reductions are electrochemically reversititg. (— Epa < 70
mV), and hence it is probable that the first and second reductions are also
reversible, suggesting a separation of 60 mV between the first and second
bpy reduction processes.
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bridge and not a neutral bridge as is the case with oxidation
processes.

Electronic Properties. The absorption spectra df/H,1

dependence of the energy of the absorption bandst@0 and
~550 nm that increasing solvent polarity (vide supra) also serves
to increase the separation of the absorption bands (see Figure 6

contain three main absorption features in the visible region and and Figure S4).

are reminiscent of the spectra exhibited by related pyrazine-

In contrast, the calculated UWis spectrum ofH,1 is in

excellent agreement with experiment (Figure 11). For the
protonated species, the lowest energy transition with a significant
oscillator strength (transition 5, mainly H=* LUMO) corre-

bridged binuclear complexes based on the ligand<$dapd
bpz (where bpz is 2;ipyrazine)?® Comparison of the absorp-
tion spectra of these compounds with thoselibf,1 suggests
that the 550 nm band (Figure 4) is predominadLCT (tag sponds to a transfer of electron density mainly frRmto pz

to pz) and the 450 nm bandiBILCT (toq to bpy) in character. Two transitions of similar oscillator strength contribute to the
This assignment is confirmed by resonance Raman Spectroscop)absorptiOn band around 440 nm. The two transitions (transitions
and electrochemical data (vide supra). Eoa red shift in the 7 and 8, containing different ratios of H-* L+1 and HOMO

530 nm band to 565 nm and a blue shift of the 467 nm band to — L+1) correspond to very similar movements of electron
424 nm are observed upon protonati8hThe red shift of the density fromRuto pz Another transition with a strong oscillator
530 nm band is most likely due to the stabilization of the strength occurs at 385 nm. This transition (transition 25 in Table
pyrazine, which is supported by the DFT calculations (vide S2b) has a number of contributions, the largest of which are
infra). Finally, the 350 nm absorption band is assigned, H-3 — L+3 and H-4— L+2 andRu to bipyridyl (mainly
tentatively, as a pyrazirelL (z—x*) transition on the basis  orthobpy in nature. The DFT calculations for the protonated
of the expected lower energy of the pyrazine* relative to species therefore support the spectroscopic data. The lowest
the bpy-z*. This assignment is supported by the pH depen- Singlet excited state is pyrazine-based, and protonatidreafds
dence of the absorption band, which undergoes a blue shift onto a decrease in the energy of the lowl#ét CT band.
protonation (due to the concomitant lowering of electron density ~ The DFT calculations also support both the electrochemical
on the adjacent 1,2,4-triazole rings), and observation of pyrazine-observations and the mechanism proposed for the interaction
based vibrational modes in the ground-state resonance Ramaretween the metal centers in the mixed-valence state. They

spectra obtained during FRtudies (vide supra) aky. = 355
nm for both1 andH>1.

DFT Calculation. One of the central aims of the present
study is to examine the effectiveness of DFT calculations in
elucidating ground- and excited-state features in multinuclear

indicate that, forl andH,1, the pyrazine moiety provides only
very minor contributions to the HOMO and a large contribu-
tion to the LUMO, while the 1,2,4-triazoles provide a signifi-
cant contribution to the HOMO. It is clear that the LUMO
energy is stabilized to a greater extent than the metal-based

complexes. The picture emerging from the spectroscopic and HOMO levels upon protonation fror to Ho1. If the inter-

electrochemical measurements is that the LUMO in Hosimd

H.1 is based on the pyrazine ligand and that, as expected, the

HOMO is metal-based. The data indicate that both HOMO and
LUMO are stabilized upon protonation. In this section the results
obtained from the DFT calculations are compared with the
experimental data.

The PDOS diagrams shown in Figure 9 suggest thatlfor
the HOMOs are mainRu- and Metrzbased and the LUMOs
are based on the bipyridines apd In contrast, the HOMOs
of H,1 are almost completelRubased and the LUMOs are
primarily based oz although there are also contributions from
MeHtrzand Ru

This can be visualized by the EDDM pictures shown in Figure
10a forl, which indicate that the lowest energy absorption (of
significant oscillator strength) at 490 nm (transition 13, Table
S2a; major contributions, H-4> LUMO and H-2— LUMO)
corresponds to a transfer of electron density flRato orthobpy
and pz (Figure 9). At~400 nm there is another electronic
transition, also with high oscillator strength (transition 30). The
major contributions are HOMG-> L+7 and H-1— L+6, and
the change in charge density is similar to that calculated for

transition 13. The energies observed for these main bands, a

well as the absorption envelope, are quite different from the
experimental results. Also, the results indicate a significant
mixing of bpy and pz orbitals, in contradiction to resonance

Raman data (vide supra). This apparent contradiction may be

explained by consideration of the different environments for

nuclear interaction is dominated by a LUMO-based superex-
change mechanism, then an increase in the internuclear inter-
action would be expected, and although protonation has little
effect onAE, the tentative observation of an IT band tdpl
and not forl suggests that a small increase in interaction occurs
upon protonatiort

Excited-State Electronic Structure and Properties. Al-
though pyrazine-bridged complexes have been the focus of
considerable attention for over half a century, the majority of
the systems are nonemissive. It is generally accepted that the
lowest excited states in those pyrazine-bridged systems, which
are emissive (e.g. the dipyridopyrazine family of complexes),
are pyrazine-based; however, few detailed studies have been
carried out to confirm thi§f The emission spectra GfandH,1
are comparable with those reported for the related complexes
(see Figure 2 and Table 1) [Ru(bpfa-1Mepztr)Ru(bpy)Cl]3*
(6)**and [(Ru(bpy)s((pztr)ph)(Ru(bpylCl)s]** (8).4° The red
shift observed upon protonation is in agreement with the
stabilization of the pyrazine-based LUMO; however, assignment
of the emitting state as pyrazine-based is not so clear since a
significant isotope effect on the emission lifetimes foand
H»1l (at 298 and 77 K) is observed upon deuteriation of the

$py ligands (Table 1). In previous studies of heteroleptic

complexes, deuteriation of the ligands on which the lowest
excited state is based results in an increase in emission lifétime.
It would be expected, therefore, fbrandH»1 that deuteriation

of the bpy ligands should have no effect on the emission lifetime,

which the data are obtained. In the DFT calculations the complex (49) Lempers, H. E. B.; Haasnoot, J. G.; Reedijk, J.; Hage, R.; Weldon, F. M.;

is isolated (i.e., no solvation), while the rR experiments were
carried out in aqueous solution. It is clear from the solvent

Vos, J. G.Inorg. Chim. Actal994 225 67—74.
(50) Browne, W. R.; Vos, J. GCoord. Chem. Re 2001, 219 761787 and
references therein.

J. AM. CHEM. SOC. = VOL. 127, NO. 4, 2005 1239



ARTICLES Browne et al.

IMLCT,,, ———

oPy I 1,030 cm!
2,540 cm! ]MLCT""Y
3
MC IMLCT,,
5,880 cm-!
~’MLCTPZ 4,370 cm’!
MC...uueee
IMLCT,,
MLCT,,,
Dissociative state MLCT,™F— | reeeeees MC
SMLCT,,,
18,870 cm’! -t 3MLCTpz
13,370 cm!
17,700 ¢m!
Figure 12. Excited-state internal conversion (IC). 12,820 cmr!
as TR and TR studies strongly indicate that, fdrand H1,
the lowest excited state is pyrazine-based (i.e. the observation
of features attributed to vibrations of the pyrazine group and
the absence of the signature bands of the bpy anion radical 1212 3200 el
and 1285 cm?).3” The observation of a pronounced increase '
in the emission lifetime upon deuteriation of the bpy ligands is 1 H.1 o
2

therefore Sor.neWhat Surprisﬁ‘?g)l_Jt may be related to in.t era.Ction Figure 13. Diagram showing relative position of electronic states for
between neighboring electronic states, one of which is bpy- (left) andel (right). Energy differences are estimated from spectroscopic
based. and redox data.

Interaction between close-lying, weakly coupled states is
dominated by high-energy vibrational mod€8Hence, if the tog—r* pAMLCT transition, the ca. 450 nm band is attributable
deactivation of the pyrazine-baséMLCT state via popu-  to a bg—a*ppMLCT transition, and the emission is assigned
lation of the higher bpy-base®MLCT state (Figure 12) is an  as arising from a pyrazine-based relax®dLCT state. A
important deactivation route, then the observation of a bpy simplified electronic structure of bothandH-1 is represented
deuteriation effect is possible. It is clear from the photochem- in Figure 13. It is clear that, upon protonation, the lowest
ical reactivity of1 that the3MC state (thermal population of  pyrazine-basedMLCT and 3MLCT states are stabilized. In
which is responsible for most ruthenium(ll) polypyridyl pho- addition, due to the reduction in thedonor strength of the
tochemistryj’ is accessible, and hence it is not unreasonable two triazole moieties, stabilization of the metal-baseg) (t
to assume that the higher enefL. CTy,, states undergo rapid  ground state and the photochemically acBM€ (g,) state also
deactivation via this state. Considering Figure 1% i ky < occurs. The electrochemical data suggest ground-state (HOMO)
ks, then the rate-determining step is the IC betweerfiNMieCT ,, stabilization (Ru(l1)/Ru(lll) redox potential) by 3200 crh upon
state and®MLCTppy, in which, for weakly coupled states (i.e., protonation, while electronic spectroscopy suggests that, upon
with a Huang-Rhys factorS < 1), high-energy vibrational protonation, the energy of th&MLCT,, band (and hence
modes are importai®:>! The absence of bpy anion radical LUMO) is reduced by 4370 crt and that of théMLCT . band
features in the excited-state Raman data suggests that the lowesg$ lowered by 3750 cm.
pyrazine®MLCT state is the only state that achieves a significant  |n contrast to the ground state, which is stabilized by 3200
population at 298 K, and hence the bPMLCT state, if cmL, the bpy-base@VILCT states are relatively unaffected by
populated, must undergo rapid deactivation (e.g., vie®ihe protonation (stabilized by only 1030 c#), and hence the
state, Figure 12). The rate of nonradiative decay of an excited effective GS-to*MLCT(bpy) energy gap is increased (Fig-
state is the sum of several competing procedsgs= kivicr-cs ure 13). It would be expected that a lowering in the energy
+ ki + ko +ks + ...), such as direct relaxation to the ground of the 3MC state would result in an increase in photochem-
state and thermal population of a higher energy state. At 77 K, jcal reactivity; however, the reverse is observed, with the depro-
thermal population of théMC state k. in Figure 12) is not  tonated complex exhibiting photochemistry while the protonated
observed, and deactivation of the emissiMLCT); state via complex is photochemically inert. Lowering of tRBIC upon
the weakly coupled § < 1) 3MLCTyyy state provides a  protonation reduces the energy gap betweeAM@ and ground

proportionally larger contribution t&,s hence, the isotope  state and hence leads to an increase in the rate of nonradiative
effect would become larger.

(51) (@) Hutchinson, C. A., Jr.; Mangum, B. \l.Chem. Physl96Q 32, 1261

Conclusions 1262. (b) Wright, M. R.; Frosch, R. P.; Robinson, G. W.Chem. Phys.
. 196Q 33, 934-935. (c) Robinson, G. W.; Frosch, R. . Chem. Phys.
Ground- and excited-state resonance Rdmand electro- 1962 37, 1962-1973. (d) Robinson, G. W.; Frosch, R.R.Chem. Phys.

i i i 1963 38, 1187-1203. (e) Siebrand, WI. Chem. Phys1967, 46, 440~
chemical data enable a detailed assignment to be made of the 447, () Siebrand. WJ. Chem. Phy<1996 44, 40554057, (g) Gelbart,

electronic absorption and emission spectrd ahdH,1. From W. M.; Freed, K. F.; Rice, S. Al. Chem. Physl97Q 52, 2460-2473. (h)

_ Jortner, J.; Rice, S. A.; Hochstrasser, R.Adlv. Photochem1969 7, 149—
_the wavelength d_ependence of the rR spectra and elt_actrochem 300. (i) Freed, K. F.. Jortner. J. Chem. Phys1970 52, 6272-6391. ()
istry, the absorption band at ca. 530 nm can be assigned as a  Englman, R.; Jortner, Mol. Phys.197Q 18, 145-148.
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deactivation from théMC to the ground state. This increase HPRN-CT-2002-00185, and the EPSRC (UK) GR/M45696 for
inhibits thermal population of a dissociative state from $he  financial support. K.L.R. acknowledges ANDOR Technology

MC and hence inhibits photochemistry (Figure 12). Ltd. for financial support. The authors thank Mr. Maurice Burke
The incorporation of the acitbase chemistry of the 1,2,4- (DCU) for assistance in the recording of mass spectra.
triazole moiety into the well-known Rtpyrazine-Ru system Supporting Information Available: Detailed synthesis and

has enabled the investigation of a pyrazine-bridged system whicheyperimental procedure$H NMR spectrum of1; UV—vis

can undergo quite dramatic changes in both its ground- and spectra during photolysis dfin CHsCN; rR spectra oH,1 in
excited-state properties, controllable by both solvent and pH. 11,0 rR spectrum of in CHsCN; TR® spectra of; eigenvalues,

It is clear that the application of multiple techniques in a symmetry, and percent contribution of various groups (see text)
concerted manner to the elucidation of excited-state structuresy the frontier molecular orbitals of and H,1: calculated
holds particular advantages, especially in determining the yayelengths and oscillator strength of the electronic transitions
relative contributions of different ligand-based excited states o 1 andH,1. This material is available free of charge via the
to the electronic properties observed. Internet at http://pubs.acs.org.
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