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A series of Ru(ll) compounds and salts have been synthesized: [Ru(6-carboxylatbbpyRu(6-carboxylato-
bpy)(tpy)]PF (9), [Ru(tpy)](PFs)2 (8), and [Ru(bpyy(Pic)]PFs (11), where 6-carboxy-bpyl) = 6-carboxy-2,2
bipyridine, tpy @) = 2,2:6',2"-terpyridine, and Pic= 2-carboxylatopyridine. The compounds have been
characterized by NMR, electrospray mass spectrometry (ESI-MS), cyclic voltammetry, absorption and emission
spectroscopy (at 100, 140, and 298 K), and single-crystal X-ray diffraction (corBplekomplex5 crystallizes

in the monoclinic system, space groRpy/n, formula RuG:H14N404 C:HsOH, witha = 11.088(3) A = 11.226-

(3) A, c=35.283(9) AS = 91.41(2}, andZ = 8. A linear dependence on the number of coordinated carboxylato
groups and the electrochemical redox potentials was found, ca. 0.4 V lower reduction potential for the oxidation
step (Ru(ll/11)) per carboxylate group. Also, to the best of our knowledge, these are the first exatydl#s (

of mononuclear Ru(ll) complexes containing a carboxypyriginghenium moiety displaying any luminescence
emission.

Introduction acceptorg, resulting in a photoinduced electron transfer. A
systematic variation of the chemical composition of the pho-
Qosensitizer leads to systematic variations in the properties found
in a new compound, such as the lifetim@ &nd the emission
quantum vyield Q¢ of the emitting excited state, and the
Yexcited state redox potentit#>

As a part of our continued interest in the study of novel
ruthenium polypyridyl compounds, we have prepared some

During several decades, intense efforts have been devoted t

the study of the photophysical, photochemical, and electro-
chemical properties of ruthenium and osmium polypyridine
complexes, as photosensitizers in model systems for the stud
of photoinduced electron transfend artificial photosynthests.
In these types of complexes, absorption of light generally gives
rise to luminescent, relatively long-lived metal-to-ligand charge-
transfer excited states, usually described as a closely spaced
manifold of metal-to-ligand charge-transfer (MLCT) states of

(3) (a) Meyer, T. JPure Appl. Chem1986 58, 1193. (b) Bargawi, K.
R.; Murtaza, Z.; Meyer, T. JJ. Phys. Chem1991 95, 47. (c)

mainly triplet character3MLCT).123 In systems where this DeArmond, M. K.; Myrick, M. L.Acc. Chem. Red989 22, 364. (d)
SMLCT state is sufficiently long-lived and has a suitable redox Kalyanasundaram, K2hotochemistry of Polypyridine and Porphyrin
potential, it may be oxidatively quenched by various electron ComplexesAcademic Press: London, 1992; p 118.

(4) (a) Balzani, V.; Scandola, FSupramolecular Photochemistrillis
Horwood: Chichester, U.K., 1991; Chapter 2. (b) Kalyanasundaram,
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orgchem.kth.se. Fax: intt 46-8791 23 33. demic Press: London, 1992; pp #4263. (c) Hoffman, M. Z,;
® Abstract published i\dvance ACS Abstractd®yovember 1, 1997. Bolletta, F.; Moggi, L.; Hug, G. LJ. Phys. Chem. Ref. Datt989

(1) (a) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P; 18, 219.
von Zelewsky, A.Coord. Chem. Re 1988 84, 85. (b) Balzani, V.; (5) (a) von Zelewsky, A.; Belser, P.; Hayoz, P.; Dux, R.; Hua, X,;
Juris, A.; Venturi, M.; Campagna, S.; Serroni,Ghem. Re. 1996 Suckling, A.; Stoeckli-Evans, HCoord. Chem. Re 1994 132, 75.
96, 759. (c) Balzani V.; Scandola, Bupramolecular Photochemisiry (b) Meyer, T. J.Pure Appl. Chem199Q 62, 1003. (c) Durham, B.;
Ellis Horwood: Chichester, U.K., 1991. (d) Roundhill, D. M. Caspar, J. V.; Nagle, J. K.; Meyer, T. J. Am. Chem. Sod 982
Photochemistry and Photophysics of Metal CompleRénum: New 104, 4803. (d) Lumpkin, R. S.; Kober, E. M.; Worl, L. A.; Murtaza,
York, 1994. (e) Allen, G. H.; White, R. P.; Rillema, D. P.; Meyer, T. Z.; Meyer, T. J.J. Phys. Cheml99Q 94, 239. (e) Haga. M.; Meser
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1983 60, 834. T.; Nakajima; K.; Stufkens, D. dJnorg. Chem.1996 35, 3335. (f)
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structures based on the ligand 6-carboxy-bpy(bpy = 2,2-
bipyridinef and tpy @) (tpy = 2,2:6',2"'-terpyridine). In these,
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the ligand, the deprotonated formbfacts as a tridentate ligand,
utilizing two nitrogens and one oxygen from the carboxylate
group in binding to Ru(ll), and tpy as a tridentate ligand with

three binding nitrogens. Our main interest in the present study
has been to investigate in some detail the effects of the
introduction of a ligand possessing N and O donor moieties on
the photophysical and electrochemical properties of complexes

5,9, and11in comparison to the much studiégarent complex

[Ru(bpy)k]?t and the analogous terpyridine parent complex [Ru-

(tpy)z]?" (8). A single crystal X-ray structural determination
was performed fob, and the crystal structures 8f9, and11

are being determined presently. Relatively few complexes (12
containing a bipyridine moiety substituted at the 6-position have

been reported. We are aware of a few recent publicati®ns
involving complexes of the polypyridine type also containing

(6) Norrby, T.; Baje, A.; Zhang, L.; Aermark, B.Acta Chem. Scand
in press.
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ruthenium-oxygen bonds, but these are not photophysical
studies.

Tridentate ligands offer a suitable platform for the construc-
tion of vectorially arranged doneisensitizer-acceptor arrays.
If the donor and acceptor are linked frara-positions to the
central part of the tridentate ligands opposing each other, a linear
donor-metal-acceptor axis will result. Thus, substituted
terpyridines, as well as cyclometalating ligands of the dipy-
ridylbenzene type giving organometallic complexes with-RU
and Ru-C bonds, have been investigated as models system for
electroff and energlf transfer where the donor and acceptor
components have been separated by substantial intramolecular
distances (1825 A). In studies of porphyrin triads and
pentad& which also are vectorially arranged, long-lived charge-
separated states have been observed. Itis of general interest to
explore the photophysical properties of Ru(ll) complexes based
on ligands that include coordinating atoms other than nitrogen
and carbon. In particular, we wanted to investigate the
usefulness of novel tridentate ligands likevith regard to their
possible use as structural elements in vectorial desensitizet
acceptor arrays.

Preparations of the Complexes

The ruthenium(ll) precursor [RugidDMSO)] (4) is readily
available from RuGt3H,O and dimethyl sulfoxide (DMSO).
In our hands, the procedure by Wilkinson etamost likely
yielded a mixture oftrans (minor) andcis-dichloro (major)
species. Alessio et & more recently re-investigated the
[RuCL(DMSO),] system; and this precursor has been used in
the synthesis of ruthenium(ll) complexes, e.g., by Bossmann

(7) (a) Della Ciana, L.; Hamachi, I.; Meyer, T. J. Org. Chem1989
54, 1731 and references cited therein. (b) Kelly, J. M.; Long; C.;
O’Connell, C. M.; Vos, J. G.; Tinnemans, A. H. korg. Chem1983
22, 2818. (c) Bardwell, D. A.; Barigelletti, F.; Cleary, R. L.; Flamigni,
L.; Guardigli, M.; Jeffery, J. C.; Ward, M. Onorg. Chem1995 34,
2438. (d) Barigelletti, F.; Juris, A.; Balzani, V.; Belser, P.; von
Zelewsky, A.Inorg. Chem1983 22, 3335. (e) Fabian, R. H.; Klassen,
D. M.; Sonntag, R. WInorg. Chem.198Q 19, 1977.

(8) (a) Dovletoglou, A.; Adeyemi, S. A.; Meyer, T.lhorg. Chem1996
35, 4120. (b) Ghatak, N.; Chakravarty, J.; Bhattacharydr&8nsition
Met. Chem. (London}995 20, 138. (c) Llobbet, A.; Doppelt, P.;
Meyer, T. J.Inorg. Chem.1988 27, 514.

(9) (a) Harriman, A.; Ziessel, Rl. Chem. Soc., Chem. Commu996
1707. (b) Indelli, M. T.; Scandola, F.; Collin, J.-P.; Sauvage, J.-P.;
Sour, A Inorg. Chem 1996 35, 303. (c) Coe, B. J.; Thompson, D.
W.; Culbertson, C. T.; Schoonover, J. R.; Meyer, Tindrg. Chem.
1995 34, 3385. (d) 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. S0d994 116 7692. (e) Constable, E. C;
Cargill Thompson, A. M. W.; Tocher, D. A.; Daniels, M. A. Nlew
J. Chem.1992 16, 855.

(10) (a) Grosshenny, V.; Harriman, A.; Ziessel Agew. Chem., Int. Ed.
Engl. 1995 34, 1100. (b) Barigelletti, F.; Flamigni, L.; Guardigli, M.;
Juris, A.; Beley, M.; Chodorowski-Kimmes, S.; Collin, J.-P.; Sauvage,
J.-P.Inorg. Chem1996 35, 136. (c) Chodorowski-Kimmes, S.; Beley,
M.; Collin, J.-P.; Sauvage, J.-Retrahedron Lett1996 37, 2963.
(d) Hammarstim, L.; Barigelletti, F.; Flamigni, L.; Armaroli, N.; Sour,
A.; Collin, J.-P.; Sauvage, J.-B. Am. Chem. S0d996 118 11972.
Gust, D.; Moore, T. A.; Moore, A. L.; Gao, F.; Luttrull, D;
DeGraziano, J. M.; Ma, X. C.; Makings, L. R.; Lee, S.-J.; Trier, T.
T.; Bittersmann, E.; Seely, G. R.; Woodward, S.; Bensasson, R. V.;
Roude, M.; De Schryver, F. D.; Van der Auweraer, 81.Am. Chem.
Soc.1997, 113 3638.

Gust, D.; Moore, T. A.; Moore, A. L.; Lee, S.-J.; Bittersmann, E.;

Luttrull, D. K.; Rehms, A. A.; DeGraziano, J. M.; Ma, X. C.; Gao,

F.; Belford, R. E.; Trier, T. TSciencel991, 248 199.

(13) Evans, I. P.; Spencer, A.; Wilkinson, &.Chem. Soc., Dalton Trans
1973 204.

(14) (a) Alessio, E.; Mestroni, G.; Nardin, G.; Attia, W. M.; Calligaris,
M.; Sava, G.; Zorzet, Snorg. Chem.1988 27, 4099. (b) Alessio,
E.; Balducci, G.; Calligaris, M.; Costa, G.; Attia, W. M.; Mestroni,
G. Inorg. Chem.1991, 30, 609.

(11)
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Scheme 1
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et al’> The homoleptic complex [Ru(6-carboxylato-bgy(5)
was prepared by the reaction of 6-carboxy-bpy {fiethylamine
acting as a base, ard(Scheme 1). The intermediafe [Ru-
(tpy)(DMSO)CL], was prepared frord and tpy @), which in

turn was synthesized by the method of Jameson and &uise.

This procedure also yielded the homoleptic complex [Ruflpy)
(PFRs)2 (8)'" as a byproduct. Characterization by NMR and UV/
vis yielded data for8 which were in accordance with the
literature (NMR?¢ photophysical and electrochemical proper-
ties)18 The heteroleptic complex [Ru(6-carboxylato-bpy)(tpy)]-
PFs (9) was obtained by the addition of 6-carboxy-bfy {o
intermediate7. The routevia another possible intermediate,
[Ru(6-carboxylato-bpy)(DMSQLI] (6), was also explored but
was found to be less suitable, overall, for the synthesiS. of
The salt [Ru(bpyXPic)]PFs (11) (Pic = 2-carboxylatopyridine)
was obtained by the reaction of 2-carboxypyridine (picolinic
acid, PicH) ) (Aldrich, 99%) anccis{Ru(bpy)Cl,]-H,0 (10),
which was prepared according to Meyer et%alA synthesis of
the very similar compound [Ru(bpyPic)]CIO,, was recently
reportecB® All species were characterized by NMR and ESI-
MS.

Results

Absorption Spectra. The absorption spectra of complexes
5,8, 9, and 11 all exhibit metal-to-ligand charge-transfer
(MLCT) bands in the visible region (Table 1, Figure 1), in
analogy with other Ru(IB-polypyridine complexe$® The

Norrby et al.
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Figure 1. UV/vis spectra of [Ru(6-carboxylato-bpy)5) (1.5 x 107°
M in EtOH/MeOH, 4:1), [Ru(tpy)](PFs)2 (8) (0.5 x 1075 M in CH2-
Cl,/MeOH, 1:1), [Ru(6-carboxylato-bpy)(tpy)] RF9) (1.5 x 107°>M
in EtOH/MeOH, 4:1), and [Ru(bpy{Pic)|PF (11) (1 x 105 M in
EtOH/MeOH, 4:1).
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Figure 2. Temperature dependence of the rate constant for emission
decay: ¢) [Ru(bpyx]?"; (O) 11 The lines are just guides for the eye.

14

Emission Properties. The emission lifetimed) and quantum
yield (®er) were measured for the compounds in nitrogen-
purged ethanetmethanol (4:1) in rigid (100 K) and fluid
solvent (140 and 298 K). In rigid solvent, the emission quantum
yield was high or fair for all complexes, except farand the
emission lifetime was correspondingly long (Table 1). In fluid
solvent, however, the lifetime and quantum yield for the
complexes with tridentate ligands rapidly decreased with
increasing temperature. For the complexes with bidentate
ligands, [Ru(bpyj?* and 11, the emission lifetime is shown
as a function of temperature in Figure 2. The quantum yield
above 100 K varied in a similar manner, as expected when the
rate constant for radiative deactivatiok,, is temperature

coordination of carboxyl groups stabilizes the charge-transfer jndependent, since

state (Ru(lll)(acceptor ligand) by electron donation to Ru-
(1N 82 and causes a successive red shift of this ban@ amd
11, and even more so iB. The lowest ligand-centeredr{
ar*) transitions appear around 300 nm, andithis transition

is split into two transitions, one from each ligand. Also notable
are the bands around 350 nm present in the compounds with

coordinated carboxylate group.

(15) Bossmann, S. H.; Ghatlia, N. D.; Ottaviani, M. F.; Turro, C.yDu
H.; Turro, N. J.Synthesis1996 1313.

(16) Jameson, D. L.; Guise, L. Eetrahedron Lett1991, 32, 1999.

(17) First reported by: Braddock, J. N.; Meyer, T.JJAm. Chem. Soc.
1973 95, 3158.

(18) Amouyal, E.; Mouallem-Bahout, M.; Calzaferri, G. Phys. Chem.
1991, 95, 7641.

(19) Meyer, T. J.; Salmon, D. J.; Sullivan; B. Porg. Chem.1978 17,
3334.

P = k7 1)

Equation 1 is valid if the emitting state is formed with unit
efficiency after excitation, as is usually assuméd.The

%iscontinuous change efand ®., around 120 K is caused by

the melting of the solvent, which increases the rate constant
for radiationless deactivation of the excited stitel he values
of k; calculated according to eq 1 are given in Table 1.

The emission spectra fé, 8, 9, and11 at 100 K are shown
in Figure 3. On vitrification of the solvent, the emission maxima
were blue-shifted and the vibrational structure became more
prominent. The energies of the emission maxima were lower

(20) Demas, J. N.; Crosby, G. A. Am. Chem. S0d. 971, 93, 2841.
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Table 1. Photophysical Data for the Complexes

Inorganic Chemistry, Vol. 36, No. 25, 1995853

absorption dafa(at 25°C)

emission data

A (e), nm (cnmt MY

complex T100k,2 US T1a0k® US D10ok° Ama{(100 K)d nm 10%.°st
9 491 (10 500) 313 (29 500) 276 0.24 0.073 ~675 2
296 (32 800)
5 510 (3900) 297 (18 880) f f <5 x 104 ~675 f
8 476 (127009 309 (54 900) 8.85 0.36 0.38 602 41
11 483 (9200) 292 (52 600) 1.59 0.30 0.126 644 8
[Ru(bpy¥?*  450(14300) 288 (81000) 4.00 1.78 0.45 580 11

a|n No-purged EtOH/MeOH, 4:1°2 Emission lifetime ¢ Emission quantum yield! Wavelength of maximum emission intensity (correctédjate
constant for radiative decay determined at 100 K according to eydt measurable? In CH,Cl,/MeOH, 1:1; 25°C. " From: Cook, M. J.; Lewis,

A. P.; McAuliffe, G. S. G.; Skarda, V.; Thomson, A. J.; Glasper, J. L.
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Figure 3. Corrected emission spectra at 100 K in EtOH/MeOH: (a)
[Ru(6-carboxylato-bpy] (5); (b) [Ru(tpy)k](PFs)2 (8), [Ru(6-carboxy-
lato-bpy)(tpy)IPk (9), [Ru(bpyk(Pic)]PFs (11).

Table 2
E1/2(redn), \Y/
complex Eiz(oxidn), V 1 2 3
[Ru(bpy)]2+ +1.31 -1.30 —1.49 -1.73
8 +1.30 —-1.24 —1.49
9 +0.90 —1.36 —1.63
5 +0.52 —1.49 -1.79
11 +0.88 —1.43 —1.68 ~—2.3

arreversible.

for the complexes with tridentate ligands and lower when a
carboxylate group was coordinated.

Electrochemical Data. The reduction potentials versus SCE
for the different complexes in acetonitrile are shown in Table
2. The results for [Ru(bpy)?" were in good agreement with
previously reported valued. All complexes exhibited two or

; Robbins, D. Chem. Soc., Perkin Trans.1®84 1293.

Figure 4. ORTEP plot showing one of the [Ru(6-carboxylato-kiy)

(5) molecules in the asymmetric unit. The ligand atoms around Ru(2)
are labeled in analogy to those of Ru(1) by simply adding 20 to the
numbers in the figure above. The probability ellipsoids of the atomic
positions, calculated from the thermal parameters, are drawn at the 50%
probability level. Hydrogen atoms are omitted.

Table 3. Fractional Atomic Coordinates<(10*) and Thermal
ParametersUeq (x10°) with Esd's for Selected Atoms &

atom X y z Ug A2
Ru(1) 9883(1) 821(1) 2450(1)  29.1(4)
Ru(2) 3011(1) 2161(1) 4442(1)  34.5(5)
0(@8) 9931(9)  —1037(11)  2369(3)  43(4)
0(9) 9102(9)  —2716(13)  2582(4)  50(5)
0(18) 8906(10) 1078(10)  1930(3)  40(4)
0(19) 9143(11) 1724(12)  1340(3)  57(5)
0(28) 2942(11) 338(11)  4299(3)  49(5)
0(29) 2027(13) —1470(13)  4573(4)  70(6)
0(38) 4830(9) 2204(11)  4265(3)  42(4)
0(39) 5911(10) 2903(14)  3785(3)  63(5)
N(1) 8637(11) 310(12)  2794(3)  30(5)
N(L) 9317(11) 2418(12)  2655(3)  31(5)
N(11) 11155(11) 1378(12)  2108(4)  33(5)
N(11)  11343(11) 729(13)  2800(3)  36(5)
N(21) 3322(11) 1423(14)  4938(4)  33(5)
N(21) 3216(11) 3651(14)  4780(4)  38(5)
N(31) 2773(10) 2870(13)  3941(3)  36(4)
N(31) 1188(11) 2277(14)  4407(4)  44(5)

@ Ueq is defined as one-third of the trace of the orthogonaligd
tensor.

Single-Crystal X-ray Diffraction Study of 5. The observed
molecular structure 06 and the atomic labeling scheme are
shown in Figure 4. Fractional coordinates and equivalent
isotropic temperature factors for selected atomS afe given

three reduction steps, corresponding to successive reduction of" Table 3. The unit cell of the crystal structure contains eight

each of the ligands, and one oxidation step, corresponding to

oxidation of the metal. The split in potential between the anodic

and cathodic peaks for each redox step never exceeded 80 mJ"

(scan rate 106500 mV/s), indicating near reversibility.

(21) Tokel-Takvoryan, N. E.; Hemingway, R. E.; Bard, AJJAm. Chem.
Soc.1973 95, 6582.

molecules of [Ru(6-carboxylato-bp})5). Thus, with the space
group symmetryP2;/n, there are two symmetry-independent
olecules. The molecules &fare located in layers perpen-
dicular to [001] separated by/4. The relatively flat layers of
molecules involving the Ru(1) atoms (at~ +/,) alternate
with the more puckered molecular layers involving the Ru(2)
atoms (az~ 0,1/,). Two slightly disordered ethanol molecules
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occupy the void formed between the layerssof(For the unit 28
cell packing diagram, see Supporting Information Figure S6.)
The ruthenium atoms are six-coordinated by four nitrogen and s 26F
two oxygen atoms: two nitrogen atoms and one of the o
carboxylate oxygen atoms from each of the two ligand molecules £ 24
1. The angles between the planes of the two ligahasthin g
the complex are 87.8(3) and 86.0(3dr the two independent S 22t
molecules. 8

w s L
Discussion

1.8

Redox and Photophysical Properties. (a) Redox Proper- 1.8 ) 29 24 26 28
ties and the Nature of the Lowest Excited State.In 9 and AE,, (V)

11, the coordinated carboxylate decreases thé'Rreduction

. ~ . . _ Figure 5. Energies of the maxima in the absorptieh #nd emission
potential by~0.4 V and the potentials for the ligand-based (a) spectra as a function &E, .. AE;; is the difference between the

reductions are decreased49.12 V (Table 2). The shiftsmay  roquction potentials for the R oxidation and the first ligand
be explained by (i) a higher electron density on the metal, (i) reduction.

a lower overall charge of the complex that stabilizes the oxidized

species of each redox couple due to a smaller difference in5 the energies of the maxima in the absorption (lowest MLCT
solvation energy, and (iii) a Coulombic repulsion between the hand) and low-temperature emission are plotted as a function
additional (negative) charge of the carboxylate and the electronsef AE, , (vide suprd. The dependencies are linear (except for
on the reduced |igands that causes a negative shift of thethe emission Of5), a|though the S|0pes are not un?ﬁ/.
potentials of the ligand-based reductions. The much larger shift According to Figure 5, the emission maximum fowould be

in the RW" potential compared to the potential for ligand expected to lie around 775 nm instead of 675 nm, as is observed
reduction indicates that the increased electron density on the(a difference corresponding to 0.25 eV). This unexpectedly high
metal is the most important contribution. When yet another value of the excited state energy would |mp|y that a very
carboxylate is coordinated B) the RW"" potential is decreased  strong excited state reduct@fitv—1.3 V vs SCE compared to

by an additional 0.4 V; i.e., there is a linear dependence of this —0.85 v for [Ru(bpy}]2*.12 However, the observed quantum
potential on the number of coordinated carboxylate groups in yield for 5 is extremely low, considering the low temperature,

the series8—9-5. and it is possible that the observed emission instead originates
The lowest excited state of [Ru(bpid™, [Ru(tpy)]?* (8), from an emitting impurity and thdi is nonemitting also at this
and their derivatives is a closely spaced manifolfMt.CT temperature.

stateg#3a.¢422 The MLCT state of each complex is localized  (p) Excited State Lifetime. It is generally agreed that the
on the ligand having the lowest energy level and thus isthe  drastic decrease in the excited-state lifetime of Ru(ll) polypy-
easiest to reduce. It has been shown that the energy of therdine complexes observed at higher temperatures may be
emission (and absorption to the lowest singlet MLCT state) ascribed to rapid deactivation via thermally populated metal-
depends linearly on the difference between the reduction centered (MC) state$:3 Although the activation energy\Es)
potentials for the first oxidation (metal-based"®Y and the  for population of the MC states is high (see eq 2), the transition
first reduction (ligand-based)AE;,, as determined electro-  frequency factor is high and the MC state lifetime is short, so
chemically?® This supports the model of the lowest excited they contribute to a major part of the total deactivation as the
state as a MLCT state localized on one ligand. temperature is increased. In the bidentate [Ru@py) AE:
The complexe8 and11 are heteroleptic, and thus there may ~ 3600 cnt1.12% |n [Ru(tpy)]?" (8), the situation is different.
be MLCT states involving different ligands. i, only two The tpy ligand is not strictly planar, and the RN bond
reversible ligand reductions were observed, and they were distance is shorter for the central pyridine than for the terminal
attributed to bpy reductions. The reduction observed aroundrings. Therefore, the tpy ligands are not quite compatible with
—2.3 V (vs SCE) was highly irreversible and resulted in an octahedral geometry. The ligand field splitting DL is
oxidative peaks around-0.7 V upon scan reversal, and is reduced®2’which leads to a smaller energy difference between
attributed to a further reduction of an already reduced bipyridine the MCLT and MC states and a smaller valueAdf; (1500
(cf. [Ru(bpy)]?").2L Since no reduction of the 2-carboxylato- cm™1).28 Also in Ru(ll) complexes with bidentate ligands, the
pyridine was seen in the ground state, the lowest excited MLCT value of AE; is reduced when substituents are introduced on
state would thus be bpy-based. 9rit is not clear which ligand the ligands which distort the geometry by purely steric
is the first to be reduced electrochemically; the potentials for interactions’®—¢24

both reduction processes are shifted in paraIIeI fashion in the In 9, the emission lifetime and guantum y|e|d at 100 and 140
series8—9—5. However, a comparison of the emission spectra K are comparable with those of [Ru(tp}3* (8). Thus, the

at 100 K (Figure 3b) shows that those &&nd 9 exhibit the introduction of a coordinated carboxylate group does not
same, relatively narrow shape, while thatldfis broader, with

a higher relative intensity of the second vibrational peak, similar (25) Maestri, M. Armaroli, N.; Balzani, V.; Constable, E. C.: Cargill

to the spectrum of [Ru(bpy]?™.2* Therefore, we believe that Thompson, A. M. Winorg. Chem.1995 34, 2759.
the lowest MLCT state 09 is terpyridine-baseé In Figure (26) The reduction potenti@RuC"l) of the excited state was calculated
from ERuCI) = gRu() — £, whereERU(M) js the corresponding
ground-state potential artely is the 0-0 emission energy, estimated
(22) Rillema, D. P.; Blanton, C. B.; Shaver, R. J.; Jackman, D. C.; Boldaji, from the maximum in the spectrum in rigid solvent. In this estimate,
M.; Bundy, S.; Worl, L. A.; Meyer, T. Jinorg. Chem1992 31, 1600. the usual assumption is made of a negligible entropy difference
(23) (a) Dodsworth, E. S.; Lever, A. B. Ehem. Phys. Lettl985 119, between the ground and excited states.
61. (b) Dodsworth, E. S.; Lever, A. B. Ehem. Phys. Lett1986 (27) Constable, E. C.; Cargill Thompson, A. M. W.; Armaroli, N.; Balzani,
124, 152. V.; Maestri, M. Polyhedron1992 11, 2707.
(24) Hammarstim, L.; Alsins, J.; Boje, A.; Norrby, T.; Zhang L, (28) Hecker, C. R.; Gushurst, A. K. I.; McMillin, D. Rnorg. Chem1991,

Akermark, B.Photochem. Photobiol A997 102, 139. 30, 538.
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Figure 6. Temperature dependence of the rate constant for emission
decay in the fluid-solvent region for [Ru(bpyPic)|PF (11). The line
is a least-squares fit to eq 2.
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necessarily result in complexes with poor emission properties
at low temperature. On the contrary,Jifh the emission lifetime
(120 ns) and quantum yield (0.01) are rather high also at room
temperature. A fit of the lifetime data fdrl in the fluid-solvent
region (Figure 6) was made to the equation

1t =k, + A, exp(—AE,/RT) + A, exp(—AE,/RT) (2)

wherekg is the low-temperature valué\E; is the activation
energy for population of MC stateside suprg, and the second
exponential term is needed to account for the temperature-
dependent population distribution between the different states
in the lowest MLCT manifold? The values obtained wery

= 1.3 x 102 s 1 andAE;= 2700 cnt®. It would have been
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Table 4. Selected Bond Distances (A) and Angles (deg) with Esd’s
for 5
(a) Distances

molecule 1 molecule 2
Ru(1)-0(8) 2.106(12) Ru(2y0(28) 2.109(12)
Ru(1)-0(18) 2.129(11) Ru(2)0(38) 2.132(10)
Ru(1)-N(1) 1.949(12) Ru(2N(21) 1.958(14)
Ru(1)-N(1) 2.037(13) Ru(2yN(21) 2.061(15)
Ru(1)-N(11) 1.979(13) Ru(2yN(31) 1.952(11)
Ru(1)-N(11) 2.015(12) Ru(2)yN(31) 2.026(12)
0O(8)-C(7) 1.31(2) 0O(28)C(27) 1.30(2)
0(9)-C(7) 1.21(2) 0(29-C(27) 1.23(3)
O(18)-C(17) 1.28(2) 0O(38)YC(37) 1.29(2)
0(19)-C(17) 1.23(2) 0O(39yC(37) 1.25(2)

(b) Angles
molecule 1 molecule 2
O(8)—Ru(1)-0(18) 91.8(4) O(28yRu(2)-0(38) 91.5(5)
O(8)—Ru(1)-N(1) 79.2(5) O(28YRu(2)-N(21) 78.9(5)
O(8)-Ru(1)-N(1') 158.2(4) O(28YRu(2)-N(21) 158.2(5)
O(8)-Ru(1)-N(11) 102.1(5) O(28yRu(2)-N(31) 100.1(5)
O(8)—Ru(1)-N(11) 90.5(5) O(28)-Ru(2)-N(31) 91.0(6)
O(18)-Ru(1)-N(1) 103.0(5) O(38yRu(2)-N(21) 98.3(5)
O(18-Ru(1)-N(1)  91.8(4) O(38yRu(2-N(21) 91.2(5)
O(18)-Ru(1)-N(11) 77.7(5) O(38yRu(2)-N(31) 79.2(4)
O(18)-Ru(1)-N(11) 157.0(4) O(38)Ru(2)-N(31) 158.0(5)
N(1)—Ru(1)-N(1) 79.0(5) N(21)Ru(2-N(21) 79.3(6)
N(1)-Ru(1}-N(11) 178.5(5) N(21}Ru(2)-N(31) 177.4(5)
N(1)—Ru(1)-N(12) 100.0(5) N(21)}-Ru(2)-N(31) 103.6(5)
N(1)—Ru(1)}-N(11)  99.7(5) N(2)—Ru(2)-N(31) 101.7(6)
N(1)—Ru(1)-N(11) 94.5(5) N(2)—Ru(2-N(31) 94.5(6)
N(11)-Ru(1)-N(11) 79.4(5) N(31}Ru(2-N(31) 78.8(5)
Ru(1)-0(8)-C(7) 114.4(10) Ru(2y0O(28)-C(27) 114.2(12)
Ru(1)-O(18)-C(17) 113.9(10) Ru(2)O(38)-C(37) 112.5(10)

desirable to extend the range of data points, especially to higher
temperatures, but the weak emission already at 343 K preventedlhus, the value ofAE; for 9 is not known, although the fact

any further extension of the range. Although the fit was good
(Figure 6), these values must therefore be taken with some
caution. However, it is clear that Ru(ll) complexes with

that the emission above 140 K was relatively weak in itself
suggests an increased deactivation via MC state$dompared
to 8. However, at 100 K, one may note that the valueAof

coordinated carboxylate groups may be synthesized that exhibitln(kn)/AEem = —8.6 x 10~* cm for the8—9 couple, indicating
fairly good emission properties as demonstrated by the emissionthat, also for these terpyridine complexes, most of the difference

lifetime of 120 ns forll at 298 K. The higher value oAE;
compared to that for [Ru(tpy]f+ (8) is expected to be due to

a smaller distortion from the approximately octahedral coordina-
tion geometry of the parent compound [Ru(ki¥) than in the
complexes with tridentate ligands.

At temperatures below 240 K, the energy gap law may
explain most of the reduction of the excited state lifetimé& bf
compared to that of [Ru(bpyft.27¢2° At 100 K, the first
exponential term in eq 2 is negligible, and the radiationless
deactivation of the excited state occurs only directly to the
ground state, with a rate constdqt The value ok, is given
by kobs = knr + ki, Wherekops= 1/t andk; is calculated from eq
1. With the emission energ¥enm, given by the energy of the
emission maximum, we obtaify In(kn)/AEem= —8.1 x 1074
cm at 100 K, for thel 1-[Ru(bpy)]?" couple, whereA In(kq)
and AE.r, denote the difference in properties between the two
complexes. This value is similar to those reported by Meyer
et al?%in their investigations of the energy gap law for different
polypyridine complexes of Ru(ll) and Os(ll). At higher
temperatures, up to 240 K, we obtain similar values. An

in lifetimes can be ascribed to the energy gap law at this
temperature.

Single-Crystal X-ray Diffraction Study of 5. Selected bond
lengths and bond angles are given in Table 4. Due to the
constraints imposed by the geometry of the ligand molecules,
most of the N-Ru—N and the G-Ru—N bond angles deviate
significantly from the ideal values for an octahedral coordination
geometry. Thus, the coordination around the ruthenium atoms
can only approximately be regarded as octahedral, similar to
the structures found foB and 9.3° The ruthenium-nitrogen
distances to the central nitrogen atoms of the carboxylato-
substituted pyridine ring (unprimed atomic labels) are generally
smaller (1.95-1.98 A) than those to the nitrogen atoms of the
unsubstituted pyridine ring (primed atom labels) (22104 A)
(Table 4a). The bond lengths for the latter agree with those
previously published for [Ru(bpyPFs)2.3* The bond lengths
within the ligand molecules are generally slightly shorter than
those found in bpy itself. This shortening is probably related
to the rather large thermal vibrations of the ligand molecules.
Most of the deviations of the intramolecular bond angles can

analysis as above of the differences between the photophysicse ascribed to substituent effeéts. The carbor-oxygen

of the terpyridine-based chromophoB:and9 is difficult, since
meaningful data foP were not obtainable much above 140 K.

distances in the carboxylato groups are, as expected, longer
(1.28-1.31 A) between the carbonyl carbon and the oxygen

(29) (a) Lumpkin, R. S.; Meyer, T. J. Phys. Chem1986 90, 5307. (b)
Treadway, J. A.; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F. R;
Meyer, T. J.Inorg. Chem.1996 35, 2242. (c) Caspar, J. V.; Kober,
E. M.; Sullivan, B. P.; Meyer, T. JJ. Am. Chem. Sod 982 104
630.

(30) Lashgari, K.; Norrestam, R. Manuscript in preparation.

(31) Rillema, D. P.; Jones, D. S.; Woods, C.; Levy, H.lAorg. Chem.
1992 31, 2935.

(32) (a) Norrestam, R.; Schepper, Acta Chem. Scand.978 A32, 889.
(b) Norrestam, R.; Schepper, Acta Chem. Scand.981, A35 91.



5856 Inorganic Chemistry, Vol. 36, No. 25, 1997 Norrby et al.

atom involved in the ruthenium coordination than (2125 Materials. Diethyl ether (ether), ethyl acetate (EtOAc), and
A) the free carbonyl oxygen atom distances. Superposing thedichloromethane (CiCl,) were distilled prior to use (Kebo AB, grade
two symmetry-independent molecules Bfby least-squares p_urum). Deioni_zed water was used in all experiments._ Methanql and
techniques, using the method described by DianiSrsthows dimethyl sulfoxide (DMSO) of 93% HPLC grade (Aldrich), acetic
that these molecules have very similar conformations. Thus, aid (HOAC) (99.8%, Aldrich), ethanol (99.5%, spectroscopic grade,
the largest deviation between related atoms in the two molecules<¢MeWY!). 2.2-bipyridine (99%, pro analysi, Aldrich), 2-carboxypyri-

. . ) ) P dine @) (99%, Aldrich), RuC{-3H,0O (41.71% Ru assay, Aldrich,),
is 0.43 A with a root-mean-square deviation of only 0.17 A. triethylamine (9%, pro synthesis, Merck), and & (95-%,

Aldrich) were used as received. 6-carboxy-bm)f @nd [Ru(bpy3]?"
were available from earlier studies; [Ru@MSO)] (4),**cis{Ru-

In this work, we have investigated the photophysical and (bpy):Cl]-H:0 (7). and 2,2:6',2"-terpyridine @)'® were prepared
electrochemical properties of a series of ruthenium complexesaccording to the literature procedures cited.
displaying Ru-N and Ru-O bonds. A general correlation of Analyses. The analyses (carbon, hydrogen, and nitrogen; reported
the electrochemical properties and the number of carboxylatein mass %) were performed by Analytische Laboratorien GmbH,
groups per complex has been found, ca. 0.4 V lower reduction P-51789 Lindlar, Germany.
potential for the oxidation step (Ru(ll/lll)) per carboxylate group. ~ Syntheses. (a) Bis(6-carboxy-2;dipyridinato)ruthenium(ll),
To the best of our knowledge, this is the first report of [Ru(6-carboxylato-bpy)] (5). [RUCKL(DMSO)] (4) (55 mg, 0.113
luminescent mononuclear Ru(ll) complexes containing pyridi- Mmol) and 6-carboxy-bpylf (45.5 mg, 0.227 mmol) were dissolved
necarboxylate ligand9(and11), and the emission lifetime of N 50% aqueous MeOH (MeOH, 9%, 10 mL, and deionized water,
11 is as long as 120 ns at room temperature. This has 10 mL), and the solutlt_)n Was_degasse_d by pumping and flushing with
implications for the further development of photoelectron 2907 Onthe vacuumline. Triethylamine (82, 23 mg, 0.227 mmol)

- L - was added, and the mixture was refluxed under argon overnight (12
transfgr catalyst cand|dqtes. trldentt.jlte. building bloqks for ). TLC on the reaction mixture (eluent GE1/MeOH, 9:1) showed
vectorial arrays based drwith u;eful emission properties likely o intensely purple main produd(~ 0.89). Most of the solvents
could be developed. A large difference was noted between theyere evaporated on a rotary evaporator, and cfuas obtained (101
emission properties &, which practically lacks emission, and  mg, containing some DMSO and triethylammonium chloride). This
the other complexe8, 9, and11 which have emission at low  mixture was dissolved in Ci€l,/MeOH together with AlO; (0.9 g),
temperatures 100140 K (11 at even higher temperatures). the solution was again evaporated on the rotary evaporator, and the
Nonradiative deactivation pathways involving low-lying MC-  residue was dried at the pump overnight. TheQ3lgel containingd
dd are commonly invoked for bipyridid€’cand terpyridiné®e was put on top of a column of AD; (100 mL dry volume, height 17
complexes, many of which display a drastic decrease of the ¢m, diameter 3 cm, neutral, 150 mesh, Merck, slurry-packed ip- CH
excited state lifetime at higher temperatures. This kind of Cl2) and eluted with 300 mL of eluent (GBI /MeOH, 9:1), which
temperature dependence is seen clearfyliand [Ru(bpy}]2* yielded the main fractl_o_n (36 mg, 0.07 mmol, 62%). At the end of.the
and more drastically in8 and 9. The structure of5 as chromatography, addition of 50 mL of MeOH gave a minor fraction

. : g ) . L o _of [Ru(6-carboxylato-bpy)(DMSQEI] (6) (vide infra). Recrystalli-
_determ_n;ed by Skl]ngle Crylsltal X-ray .dllﬁrc?Ctlon. IS quﬁ:‘] mtlereSt zation by slow diffusion of ether into an ethanolic (99.5%) solution of
ing, V\_llt a rather sma equatorla istortion. e larger 5 yielded X-ray-quality crystals.
deviations, from the ideal 180in a true octahedron, of the

. : UVNiS: Amax 297 nm € = 18 800 Mt cm™), 510 nm € = 3 900
N—Ru—0 bonds (ca. 159 in the axial plane are apparently M-Lcm-1) in EtOH/MeOH (4:1). ESI-MSmz found for [M + H]*,

due to constraints imposed by the ligand _geometry. _We have 500.991; simulated monoisotopic mass forHGsN,OuRU, 501.014.
not been able to correlate the photophysical properties of the seyeral acetonitrile and water adducts were observed. For spectra, see
complexes in this study in any simple way to the varying degree sj (Supporting Information) Figure SI:H NMR (400 MHz, CDCY
and character of the geometrical distortion of the coordination MeOH-d, (1:1), CDC} peak at 7.56 ppm)): 8.63 (dd,J = 1.0, 8.2

polyhedron. Further studies of such possible correlations areHz, 2 H, H-3); 8.37 (dddJ = 0.9, 1.2, 8.1 Hz, 2 H, H-3; 8.30 (dd,
being pursued by 2D NMR and X-ray crystallographic meth- J=1.0, 7.6 Hz, 2 H, H-5); 8.10 (ddl = 7.6, 8.2 Hz, 2 H, H-4); 7.72

Conclusion

ods30 (ddd,J=2.1,5.7, 7.0 Hz, 2 H, H‘% 7.10 (ddd J = 1.2, 5.7, 7.0 Hz,
2 H, H-5); 7.07 (dddJ = 0.9, 2.1, 5.7 Hz, 1 H, H-§. 13C NMR (100
Experimental Section MHz, CDCly/MeOH-d, (1:1 v/v), middle CDCJ peak at 78.7 ppm):

174.8, 160.8, 157.1, 154.1 (C}6154.1, 136.6 (C-4, 134.5 (C-4),
Methods. The'H NMR and*3C NMR spectra of complexes-11 127.8 (C-B), 127.1 (C-5), 125.2 (C-3), 124.2 (C)3

were recorded in deuterated chloroform, methanol, DMSO, or acetone
on Bruker AM 400 (400 MHz proton, 100 MHz carbon) and DMX
500 (500 MHz proton, 125 MHz carbon) instruments. Chemical shifts
(0) are reported in parts per million (ppm) downfield from TMS
(tetramethylsilane). Assignment of tHel and 1°C resonances was

(b) Dichloro(2,2:6',2"-terpyridine)(dimethyl sulfoxide)ruthenium-
(1), [Ru(tpy)(DMSO)CI 2] (7). [RuCL(DMSO)] (4) (415 mg, 0.857
mmol, 1.0 equiv) was dissolved in a mixture of EtOH (8 mL, 99.5%)
and MeOH (2 mL, 99.5%), degassed by pumping and flushing with

supported by 2D NMR techniques. Analytical TLC was performed &rgon on the vacuum line, and the mixture was refluged for 15 min. A
on precoated aluminum oxide gel 6&Fplates (AbOs, neutral, Merck) solution of tpy @) (197 mg, 0.844 mmol, 0.98 equiv) in EtOH (2 mL,
with UV detection. Aluminum oxide gel (ADs, neutral, Brockmann 99.5%) was _added d_ropW|se over 25 min to the refluxing s_olutlon of
I, 150 mesh, Aldrich) was used for preparative column chromatography. 4 The reaction solution gradually became a dark brown, thick slurry,
The electronic absorption spectra were recorded on a Varian Cary 5EWhile being refluxed for another 12 h. The mixture was allowed to
UVvisINIR spectrophotometer at 252G (0.1°C). The electrospray cool, and?_ settled out as a precipitate, which was filtered off anq
jonization mass spectrometry (ESI-MS) experiments were performed washed with several aliquots of water, followed by cold EtOH, until
on a ZabSpec mass spectrometer (VG Analytical, Fisons instrument). the washings were clear. The sofidvas dried at the pump (213 mg,
Electrospray conditions: needle potential, 3 kV; acceleration voltage, 0-441 mmol, 52%).

4 kV; bath and nebulizing gas, nitrogen. Liquid flow was/&0min UVNiS: Amax 481 nm € = 4100 M~ cm™) in CH,Cl,/MeOH (9:
using a syringe pump (Phoenix 20, Carlo Erba, Fisons instrument). 1). ESI-MS,m/z found for [M — Cl + CH;CN]*, 488.942; simulated
Solvent composition was 50% acetonitril80% water containing 1% monoisotopic mass for H20N4OSCIRu, 489.009. For spectra, see
acetic acid. Accurate mass measurements were obtained by the use 0§l Figure S2.*H NMR (400 MHz, DMSO#dg), 6: 9.03 (ddd,J = 0.8,
poly(ethylene glycol) (PEG) as an internal standard. 1.7,5.5 Hz, 2 H, H-6 and H§; 8.58 (dddJ = 0.7, 1.4, 8.1 Hz, 2 H,
H-3 and H-3); 8.53 (d,J = 7.9 Hz, 2 H, H-3and H-8); 8.15 (dtJ =

(33) Diamond, RActa Crystallogr.1988 A44, 2. 1.5, 7.9 Hz, 2 H, H-4 and H*); 8.03 (t,J = 8.1 Hz, 1 H, H-4); 7.79
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(ddd,J = 1.5, 5.5, 7.6 Hz, 2 H, H-5 and H“5%. The DMSO was
exchanged with the solvent DMS@-molecules and was thus not
observed.

(c) Bis(2,2:6',2"-terpyridine)ruthenium(ll) Bis(hexafluorophos-
phate), [Ru(tpy)z](PFe)2 (8). Compound8 was sometimes obtained
as a byproduct during the synthesis7aind was isolated by the addition
of concentrated aqueous NP to the bright red solution phase
remaining after the sedimentation @f(vide suprg. Analytical data
conformed to those expected. For ESI-MS spectra, see S| Figure S3.

(d) (6-Carboxy-2,2-bipyridinato)(2,2":6',2"-terpyridine)ruthenium-

(I1) Hexafluorophosphate, [Ru(6-carboxylato-bpy)(tpy)]PFs (9). [Ru-
(tpy)(DMSO)CH] (7) (100 mg, 0.2 mmol) and 6-carboxy-bpg) (40

mg, 0.2 mmol) were dissolved in 50% aqueous MeOH (MeOH;%9

10 mL, and deionized water, 10 mL), and the solution was degassed
by pumping and flushing with argon on the vacuum line. Triethylamine
(28uL, 20.2 mg, 0.2 mmol) was added, and the resulting solution turned
strongly reddish-yellow and became rapidly darker upon heating.
Refluxing was maintained under argon for 17 h. The mixture was
allowed to cool and then filtered through a glass frit (P3). Aqueous
NH4PF was added, resulting in the crystallizaation®fwhich was
collected, washed with water, and dried at the pump (89.3 mg, 0.131

Figure 7. Labeling of the protons used in the NMR assignmerit bf
This assignment was supported by 2D NMR nOe experiments.

mmol, 66%). 7.6 Hz, 1 H, H-5b); 7.33 (ddd) = 1.2, 5.7, 7.6 Hz, 1 H, H-5y).
UVNVis: Amax296 nm € = 32 800 M* cmi ), 313 nm ¢ = 29 500 2-Carboxylatopyridine (ring C): 8.11 (ddd,J = 0.8, 1.6, 7.8 Hz, 1

Mt cm), 491 nm € = 10 500 M* em?) in EtOH/MeOH (4:1). H.3¢);'8.00 (dtJ = 1.5, 7.7 Hz, 1 H, H-4c); 7.68 (ddd, = 0.8,

ESI-MS,m/z: found for [M]*, 534.041; simulated monoisotopic mass 16 56 Hz, 1 H, H-6¢); 7.47 (ddd,= 1.6, 5.5, 7.7 Hz, 1 H, H-5¢).

for C2H1sN4O4RU, 534.050. For spectra, see Sl Figure $4.NMR 13C NMR (125 MHz carbon, acetordfMeOH-d,, 1:1), 6: 173.5,

(400 MHz, acetonek), o: 9.02 (dd,J =1.2,8.0 Hz, 1L H, H-3bpy); 1595 158.4, 158.0, 153.6, 153.5, 152.2, 151.5, 151.0, 150.7, 137.8,

8.91 (d,J=8.2 Hz, 2 H, H-3and H-3 tpy); 8.73 (dddJ = 0.8, 1.3, 137.3, 136.9, 136.1, 129.1, 127.6, 127.2, 126.8, 124.4, 124.0, 123.7.

8.1 Hz, 2 H, H-3 and H-3tpy); 8.72 (dddJ = 0.9, 1.5, 7.9 Hz, 1 H,  Apindependent report of the synthesis of the corresponding perchlorate

H-3' bpy); 8.45 (ddJ = 7.6, 8.0 Hz, 1 H, H-4 bpy); 8.37 (dd,= 1.2, salt was recently publishet.

8.0 Hz, 1 H, H-5 bpy); 8.30 () = 8.2 Hz, 1 H, H-4tpy); 8.04 (ddd, Photophysical Measurements. The absorption spectra were re-

J=15,75,8.1Hz 2 H, H-4 and H-4py); 7.91 (dddJ = 1.5, 7.6, corded in EtOH/MeOH (4:1 by volume) or GBI/MeOH 1:1 by
7.9 Hz, 1 H, H-4bpy); 7.64 (ddd,) = 0.8, 1.5,5.6 Hz, 2H,H-6 and  \olume @ as the P salt), using a Varian Cary 5E UV/visinear-IR

H-6" tpy); 7.42 (dddJ = 1.3, 5.6, 7.5 "’Z- 2 H, H-5 and H-5py); spectrophotometer. For the temperature-dependent emission properties,
7.39 (ddd,J=0.9, 1.5, 5.7 Hz, 1 H, H-6bpy); 7.15 (dddJ = 1.5, the samples were placed in quartz ampules (diameter 5 mm) which
5.7, 7.6 Hz, 1 H, H-5bpy). *3C NMR (100 MHz carbon, acetond), were purged with bland sealed. The solvent vitrifies to a glass in the

0: 171.6 (carbonyl), 159.7, 159.1, 157.0, 155.6, 154.4 (C-6 bpy), 153.5, 130-110 K region. The ampules were placed in a liquid-nitrogen-

152.4 (C-6 and C-6tpy), 138.0 (C-4 and C-4tpy), 137.2 (C-4 bpy),  cooled Oxford Instruments ND 1704 cryostat with a temperature control
136.0 (C-4 bpy), 134.2 (C-41py), 128.2 (C-5 and C'5tpy), 127.6  _pit

(C-5 bpy), 126.7 (C-5bpy), 125.5 (C-3bpy), 124.6 (C-4 bpy), 124.4 Emission spectra and quantum yields were determined using a SPEX
(C-3 and C-3 tpy), 123.6 (C-3and C-5 tpy). Fluorolog 2 spectrofluorimeter using an excitation wavelength of 452
(e) (2-Carboxypyridinato)bis(2,2-bipyridine)ruthenium(ll) Hexa- nm and right-angle detection. Correction factors for the wavelength-
fluorophosphate, [Ru(bpy):(Pic)]PFs (11). A solution ofcis{Ru(bpy}- dependent sensitivity of the detection system were obtained using a
Cl2]-H20 (7) (0.100 g, 0.19 mmol), 2-carboxypyridine (Pict3) (0.035 lamp (General Electric DXW, 1000 W) calibrated by the Swedish

g, 0.29 mmol), and triethylamine (0.029 g, 40, 0.29 mmol) was National Testing and Research Institéte.

refluxed in 50% aqueous MeOH (MeOH, 99%, 7.5 mL, and deionized  For each complex, the temperature dependence of the quantum yield
water, 7.5 mL) under argon for 1 h, at which point the reaction was \as determined in one series of measurements on the same sample,
complete according to TLCR ~ 0.68, eluent EtOAc/MeOH/HOAC/  without changing the sample position. The values thus obtained were
water, 15:5:1:1). To the warm, deep red solution was addegPRH calibrated at 100 K against [Ru(bg}d’, using samples with an
(0.085 g, 0.52 mmol) in 1 mL of water. The solution was left to cool  gpsorbance of 0.100 at 452 nm (determined at 298rKa il cm
overnight under argon. Some of the methanol was removed on the rectangular cuvette. The cuvette could be accurately repositioned after
rotary evaporator, and precipitation ensued. After 5 h, the precipitate removal from the cryostat, ensuring correct calibration. A Vilogé

was filtered off, washed with cold water and then ether, and dried @, = 0.38 at 77 K was used for [Ru(bp§3*. It was assumed that

vacuoat the pump. Dark red crystals 1 (0.113 g, 0.17 mmol, 89%)  the differences in optical density and index of refraction for temperatures

were obtained. Analy. Calcd for8H20NsORuPF: C, 45.89; H, 2.96; above the glass transition cancelled within experimental é%ott

N, 10.29. Found: C, 45.74; H, 3.03; N, 10.44. was also assumed that the solvent contracted to 80% of its volume
UVNis: Amax 292 nm ¢ = 52 600 M* cm™?), 483 nm ¢ = 9200 upon vitrification, resulting in an increased concentration, and the

M~tcm™) in EtOH/MeOH (4:1), lit¥ 500 nm ¢ = 10 100 M cm?) apparent values ofb.,, were corrected accordingly. It must be

in CH;CN. ESI-MS, m'z found for [M]*, 536.035; simulated  emphasized that the uncertainties of absolute quantum yields are
monoisotopic mass for 4H20NsO.Ru, 536.067. For spectra, see SI  generally assumed to be at least 28%Also, relative quantum yields
Figure S5. For a guide to the assignment of the protons, see Figure 7.should be considered with caution when changes in the solvent state
IH NMR (500 MHz, acetonels/MeOH-ds, 1:1) data are as follows. occur, such as in the present case.

bpy-1 (rings A and X)¢: 8.84 (dddJ= 0.8, 1.4, 5.6 Hz, 1 H, H-6a); Emission lifetimes were determined using ap INser (LSI Laser
8.69 (ddd,J = 0.9, 1.2, 8.3 Hz, 1 H, H-3a); 8.63 (ddd,= 0.8, 1.5, Science, Inc., Model VSL 337ND, = 337 nm, pulse width~ 10 ns)

8.1 Hz, 1 H, H-3x); 8.15 (ddd) = 1.5, 7.6, 8.1 Hz, 1 H, H-4a); 7.99  or an excimer laser (Lambda Physics EMG 100, with X&€iCk 308
(ddd,J=10.8,1.5,5.7 Hz, 1 H, H-6x); 7.96 (ddd= 1.5, 7.6, 8.1 Hz, nm, pulse width~ 15 ns). A Tektronix 7912 AD digitizer was used

1 H, H-4x); 7.76 (ddd,) = 1.3, 5.6, 7.6 Hz, 1 H, H-5a); 7.35 (ddd, in the detector system.

=1.3,5.7, 7.5 Hz, 1 H, H-5x). bpy-2 (rings B and ¥, 8.71 (ddd, No sign of decomposition of the complexes was seen during the
J=0.8,1.3,8.3Hz,1H, H-3b); 8.62 (ddd= 0.9, 1.4,8.1 Hz, 1 H, photophysical measurements.

H-3y); 8.14 (ddd,) = 1.5, 7.6, 8.2 Hz, 1 H, H-4b); 8.06 (ddd= 0.8,
15,5.6 Hz, 1 H, H-6b); 7.97 (ddd,= 1.5, 7.6, 8.1 Hz, 1 H, H-4y);  (34) Norden, B.; Seth, SAppl. Spectrosc1985 39, 647.

7.75 (ddd,J = 0.8, 1.4, 5.6 Hz, 1 H, H-6y); 7.59 (ddd,= 1.3, 5.6, (35) Demas, J. N.; Crosby, G. A. Phys. Cheml1971, 75, 991.




5858 Inorganic Chemistry, Vol. 36, No. 25, 1997 Norrby et al.

Table 5. Crystallographic Data fob the non-hydrogen atoms were located by subsequent difference electron
_ . density Ap) maps and refined by full-matrix least-squares techniques.
;alrmula (X-ray study) Ru%l; 1aNO-C2HsOH The hydrogen atoms were initially located at idealized positions, which
unit cell dimens a=11.088(3) A were then refined by assigning the hydrogens the same thermal
b=11.226(3) A parameters as those of their parent carbon atoms. The distance to the
c=35.283(9) A parent carbon was set to 1.08 A. The non-hydrogen atom positions of
. o=y =090 =91.41(2) two slightly disordered ethanol molecules per asymmetric unit, found
]‘cm't cellvol,V 4390(2) & from Ap maps, were refined with the thermal parameter fixed to 0.2.
ormula units/unit cellZ 8 The L f the ethanoli d carb
space group P2/ (No. 14) e positions of the ethanolic oxygen atoms and carbon atoms were
temp,T 203 K refined under the constraints that carbon atoms and oxygen atoms had
wavelengthd(Cu Ka) 1.54184 A common fixed thermal parameters and common oxygembon and
calcd densityDx 1.65gcm™3 carborr-carbon bond lengths. No hydrogen atoms for these ethanol
linear abs coeff 62 crt molecules were located. The refined oxygearbon and carbon
gfv'(:l):;t‘:cf’grogts)g dr?‘gfﬁs 882; carbon bond lengths became about 1.5 A. In the final refinement cycles,

the positions of the O and C atoms in the ethanol molecules were kept
AR(F) = S(Fol — IF)/3|Fol. ® Ru(F) = [IW(IFol — |Fel)¥3W|Fo|3 Y2 fixed to improve the overall convergence. With anisotropic thermal
wherew = 1/06?(|F,| + 0.0008?). parameters for the ruthenium, oxygen (except for the two ethanol
oxygen atoms), and nitrogen atoms, tRevalue for 2635 observed
Electrochemical Measurements. Reduction potentials were de-  reflection became 0.05R{ = 0.068). (See Table 5.)
termined using cyclic voltammetry in acetonitrile (anhydros8,005% Selected bond lengths and bond angles for the coordination
water, in Aldrich Sure/Seal bottles) with 0.1 M BIBF,. The polyhedron around ruthenium are given in Table 4. A table of
acetonitrile was syringe-transferred to a nitrogen-flushed cell containing calculated least-square planes is given in Sl Table S1. The crystal-
the electrolyte salt and the complex. A three-electrode system with lographic calculations were performed using the SHELX-76 computer
glassy-carbon (working), platinum-wire (counter), and calomel (SCE, program packag€. Geometrical calculations and ORTEP plotting were
reference) electrodes was used. The porous glass plug of the SCE wa@erformed using PLATON? The computer programs for correction
rinsed with water between each experiment to avoid precipitation of Of absorption effects and for molecular superposition by least-squares
salt due to acetonitrile entering the plug. It is important to note that a techniques were written by R.N. Atomic scattering factors with
significant junction potential exists between acetonitrile and water in anomalous dispersion corrections were taken from ref40.

the SCE. As a consequence, the reduction potentials reported for [Ru- P o
(bpyXl?" vs SCE in acetonitrifé and vs NHE in watéf are very Acknowledgment. This is Publication No. 9 from the

similar. The junction potential could be kept constant, which was (;onsqrtlum for Studies of Ar@|f|C|aI Photosynthesis, s.upport'ed
carefully checked, and allowed meaningful comparison between dif- financially by the Knut and Alice Wallenberg Foundation. This
ferent complexes. Our values for the peak potentials of [Rugipy) ~ Work was also supported by the NFR (Swedish Natural Science
were in excellent agreement with previous repétts. Research Council) and NUTEK (Swedish National Board for

Single-Crystal X-ray Diffraction. The structure ob was deter- Industrial and Technical Development). T.N. acknowledges a
mined by single-crystal X-ray diffraction using Cwii = 1.541 84 personal grant from Vattenfall AB, Sweden.

A, radiation at 293 K. The compound crystallizes in the monoclinic ) ] ) )

space grouP2y/n with Z = 8. The unit cell dimensions are = Supportlng Information Available: ESI-MS spectrq (experlme.ntal

11.088(3) Ab = 11.226(3) A,c = 35.283(9) A,8 = 91.41(2}, and a_nd simulated) of compounds6, 7, 9, and11, and a unit cell packing

V = 4390(2) 8. The structure was refined R, = 0.068 for 2635 diagram and a table of calculated least-square planes épages).

observed reflections with> 3¢;. Two disordered ethanol molecules ~ One crystallographic file, in CIF format, is available for compodnd

were present in the structure. on the Internet only. Ordering and access information is given on any
A suitable, dark red crystal &6 was mounted on a STOE four-  current masthead page.

circle single-crystal diffractometer using graphite-monochromatized Cu |~g705812

Ko radiation. Accurate unit cell parameters were obtained by a least-

squares refinement, using the obsergedngles of 18 well-centered (37) Sheldrick, G. M. SHELX76, Program for Crystal Structure Determi-

reflections selected in the range 20320 < 34.9. Intensity data nation. University of Cambridge, 1976.
collection was performed at 293 K for 7011 reflections. The collected (38) Spek, A. L. PLATON-96. Utrecht University, 3584 CH Utrecht, The
data were corrected for background, Lorengplarization, and absorp- Netherlands, 1996.

tion effects. The systematic absences in the collected data agree with(39) (a) Norrestam, R. STOEABS, Program for analytical absorption
the space group symmetB2y/n. The initial position of the Ru atom corrections. Personal communication. (b) Norrestam, R. ROTPLOT,

was derived by the interpretation of a Patterson map. The positions of g;c;ggarx]rgl L%rmnr:](ﬂﬁggggns_uperpos't'on by least squares techniques.

(40) International Tables for X-ray Crystallographitynoch: Birmingham,
(36) Lytle, F. E.; Hercules, D. MPhotochem. Photobioll971, 13, 123. U.K., 1974; Vol. 4.




