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Ground-State Properties and Excited-State Reactivity of 8-Quinolate Complexes of
Ruthenium(ll)

Jeremy T. Warren, Wei Chen, Dean H. Johnstont and Claudia Turro*

Department of Chemistry, The Ohio State University, Columbus, Ohio 43210
Receied August 19, 1999

In an effort to explore new systems with highly reducing excited states, we prepared a series of Ru(ll) complexes
of the type Ru(L)quc™ (L = bpy (2,2-bipyridine), phen (1,10-phenanthroline), dmphen (4,7-dimethyl-1,10-
phenanthroline), tmphen (3,4,7,8-tetramethyl-1,10-phenanthroline); guB-quinolate) and investigated their
photophysical and redox properties. The absorption and emission spectra of thegRoi(Lare significantly
red-shifted relative to those of the parent complexes Ré{lLwith emission maxima in the 757783 nm range

in water. The Ru(Lyquo’ systems are easily oxidized wifyo(RU"") values ranging from-0.62 to+0.70 V

vs NHE, making the emissive Rt phen MLCT (metal-to-ligand charge transfer) excited stafigs ¢ 1.95 eV

in CH3CN) of the Ru(Lquo™ complexes significantly better reducing agents than the MLCT states of the parent
Ru(L)s?" complexes. Emission lifetimes of 17.0 and 32.2 ns were measured for Rufgpinen)n water and
acetonitrile, respectively, and 11.4 ns for Ru(by)o’ in water. Transient absorption results are consistent with
the formation of reduced methyl viologen upon Ru(phgud™ excitation with visible light in water. The possibility

of observing the Marcus inverted region in the forward bimolecular electron transfer reaction from the highly
reducing *Ru(phenjjuot excited state was explored with neutral electron acceptors with reduction potentials
ranging from+0.25 to—1.15 V vs NHE.

Introduction

The excited states of Ru(bpy) and Ru(phen}+ (bpy =
2,2-bipyridine, pher= 1,10-phenanthroline) have been inves-
tigated extensively for a wide range of potential applications
including solar energy conversion and for the increased under-
standing of various aspects of electron transfer procés3eés.
Much effort has been devoted to shifting the absorption maxima

of the complexes to lower energy for better utilization of the

solar spectrum, while maintaining a redox-active excited
state?3.28-30 |n addition, the metal-to-ligand charge transfer

(MLCT) excited state of Ru(ll) complexes has been utilized in

pioneering studies of excited-state properties of metal com-
plexes! and in the detailed study of various facets of electron
transfer reactions. These include solvent reorganizafiéh,

(14) (a) Partigianoni, C. M.; Chodorowski-Kimmes, S.; Treadway, J. A,;
Striplin, D.; Trammell, S. A.; Meyer, T. Jnorg. Chem.1999 38,
1193. (b) Worl, L. A.; Jones, W. E., Jr.; Strouse, G. F.; Younathan, J.
N.; Danielson, E.; Maxwell, K. A.; Sykora, M.; Meyer, T. lhorg.
Chem.1999 38, 2705. (c) Trammell, S. A.; Meyer, T. J. Phys.
Chem. B1999 103 104. (d) Baxter, S. M.; Jones, W. E.; Danielson,

(2) Roundhill, D. M.Photochemistry and Photophysics of Metal Com- E.; Worl, L. A; Younathan, J.; Strouse, G. F.; Meyer, TChord.

plexes Modern Inorganic Chemistry Series; Facker, J. P., Jr., Series Chem. Re. 1991, 111, 47. (e) Meyer, T. JProg. Inorg. Chem1983
Ed.; Plenum Press: New York, 1994. 30, 389.
(3) Kalyanasundaram, K2hotochemistry of Polypyridine and Porphyrin ~ (15) (a) Klumpp, T.; Linsenmann, M.; Larson, S. L.; Liges, B. Rir&mner,
ComplexesAcademic Press: New York, 1992. D.; Krissinel, E. B.; Elliott, C. M.; Steiner, U. E1. Am. Chem. Soc.
(4) Electron-Transfer Reactions: Inorganic, Organometallic, and Biologi- 1999 121, 1076. (b) Elliott, C. M.; Derr, D. L.; Matyushov, D. V.;
cal Applicationssied, S. S., Ed.; Advances in Chemistry Series 253; Newton, M. D.J. Am. Chem. S0d.998 120, 11714. (c) Elliott, C.
American Chemical Society: Washington, DC, 1997. M.; Pichot, F.; Bloom, C. J.; Rider, L. S.. Am. Chem. S0d.998
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T Department of Chemistry, Columbia University, New York, NY 10027.
* Department of Chemistry, Otterbein College, Westerville, OH 43081.
(1) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von
Zelewsky, A.Coord. Chem. Re 1988 84, 85.

(5) Electron Transfer in Biology and the Solid Statkhnson, M. K.,
King, R. B., Kurtz, D. M., Jr., Kutal, C., Norton, M. L., Scott, R. A,

Eds.; Advances in Chemistry Series 226; American Chemical Soci-

ety: Washington, DC, 1990.

(6) Electron Transfer in Inorganic, Organic, and Biological Systems

120, 6781.

(16) (a) Flamigni, L.; Barigelletti, F.; Armaroli, N.; Ventura, B.; Collin,

J.-P.; Sauvage, J.-P.; Williams, J. A. @org. Chem1999 38, 661.
(b) Collin, J.-P.; Dixon, I. M.; Sauvage, J.-P.; Williams, J. A. G;
Barigelletti, F.; Flamigni, L.J. Am. Chem. Sod.999 121, 5009.

Bolton, J. R., Mataga, N., McLendon, G., Eds.; Advances in Chemistry (17) (c) Sugihara, H.; Singh, L. P.; Sayama, K.; Arakawa, H.; Nazeeruddin,

Series 228; American Chemical Society: Washington, DC, 1991.
(7) Photoinduced Electron TransfeMattay, J., Ed.; Topics in Current
Chemistry Series; Springer-Verlag: New York, 1991.
(8) Prasad, D. R.; Mandal, K.; Hoffman, M. Zoord. Chem. Re 1985
64, 175.
(9) (a) Kalyanasundaram, K.; Gezl, M. Coord. Chem. Re 1998 177,
347. (b) Kalyanasundaram, Koord. Chem. Re 1982 46, 159.
(10) De Cola, L.; Belser, RCoord. Chem. Re 1998 177, 301.
(11) Grosshenny, V.; Harriman, A.; Hissler, M.; Ziessel AfRatinum Met.
Rev. 1996 40, 72.

(12) Kalyanasundaram, ®Rhotochemistry in Microheterogeneous Systems;

Academic Press: New York, 1987.
(13) Molecular and Supramolecular Photochemistfgamamurthy, V.,
Schanze, K. S., Eds.; Marcel-Dekker: New York, 1997; Vol. 1.

M. K.; Grétzel, M. Chem. Lett1998 1005. (a) Nazeeruddin, M. K;
Muller, E.; Humphry-Baker, R.; Vlachopoulos, N.; Gzal, M. J.
Chem. Soc., Dalton Tran£997, 4571. (b) Athanassov, Y.; Rotzinger,
F. P.; Pechy, P.; Gadzel, M.J. Phys. Chem. B997, 101, 2558. (d)
Gréazel, M. Heterogeneous Photochemical Electron TransteRC
Press: Boca Raton, FL, 1989.

(18) (a) Fendler, J. HChem. Re. 1987 87, 877. (b) Thomas, J. KJ.

Phys. Chem1987, 91, 267. (c) Thomas, J. KChem. Re. 1980 80,
283.

(19) (a) Berglund-Baudin, H.; Sun, L.; Davidov, R.; Sundahl, M.; Styring,

S.; Aakermark, B.; Almgren, M.; Hammarstroem, 1..Phys. Chem.
A 1998 102 2512. (b) Hammarstrm, L.; Norrby, T.; Stenhagen, G.;
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101, 7494.

10.1021/ic991001z CCC: $18.00 © 1999 American Chemical Society
Published on Web 12/03/1999



6188 Inorganic Chemistry, Vol. 38, No. 26, 1999

driving force343%and distance dependence in covalently linked
systems$~39 electronic coupling within protein framewors
and through hydrogen-bonded interfaée3he long lifetime,
high emission quantum yield, and the excited-state redox
reactivity of the of these complexes are pivotal properties that
permit their use in the applications cited above.

(20) (a) Simon, J. A.; Curry, S. L.; Schmehl, R. H.; Schatz, T. R;;
Piotrowiak, P.; Jin, X.; Thummel, R. B. Am. Chem. S0d997, 119,
11012. (b) Liang, Y. Y.; Baba, A. I.; Kim, W. Y.; Atherton, S. J,;
Schmehl, RJ. Phys. Chenil996 100, 18408. Colaneri, M. J.; Kevan,
L.; Schmehl, RJ. Phys. Chem1989 93, 397. (b) Schmehl, R. H,;
Whitesell, L. G.; Whitten, D. GJ. Am. Chem. S0d.981, 103 3761.
(c) Schmehl, R. H.; Whitten, D. GI. Am. Chem. Sod 980 102
1938.

(21) (a) Ford, W. E.; Otvos, J. W.; Calvin, Nllature 1978 274, 504. (b)
Ford, W. E.; Calvin, M.Chem. Phys. Lettl98Q 76, 105. (c) Ford,
W. E.; Otvos, J. W.; Calvin, MProc. Natl. Acad. Sci. U.S.A982
78, 2017.
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B 1998 43, 232. (b) Li, W.; Osora, H.; Otero, L.; Duncan, D. C.;
Fox, M. A.J. Phys. Chem. A998 102, 5333. (c) Fox, M. ATopics
Curr. Chem.1991, 159, 68.

(23) (a) Turro, C.; Bossmann, S. H.; Niu, S.; Tomalia, D. A.; Turro, N. J.
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S. H.; Tomalia, D. A.; Turro, N. 1. Phys. Cheml995 99, 5512. (c)
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Figure 1. Structures of the ligands.

To tune the excited-state and redox properties of Ru(ll)
polypyridyl complexes substitutions of bpy and phen ligands
have been explored; however, these variations lead only to
modest electronic chang&s® One such example is the Rugk)
series (L= phen, 5-methyl-1,10-phenanthroline, 4,7-dimethyl-
1,10-phenanthroline, and 4,7-diphenyl-1,10-phenanthroline),
where the emission maxima range from 603 to 635 nm, with
lifetimes ranging from 1.1 to 3.6s, and the oxidation potential
varies from 1.1 to 1.26 V vs NHE243In contrast, it is known
that the introduction of nonchromophoric ligands in Ru(bpy)
and Ru(phen)., complexes with L= CN~, SCN-, and CI
strongly affects the excited-state properties owing to changes
in the metal-based orbitals3 In particular, the introduction of
oxygen to the coordination sphere of the metal has been shown
to facilitate Ru(ll/lll) oxidation#4-46

In the present work, we designed a series of photoreactive
Ru(ll) complexes whose absorption spectra are red-shifted
relative to those of Ru(bpy", Ru(pheny', and related
systems, with highly reducing MLCT excited states. We
explored the excited-state properties and redox behavior of
complexes that possess a single oxygen in the coordination
sphere of the type Ru(kquo™ (quo- = 8-quinolate), where the
ligands L (structures shown in Figure 1) are bpy, phen, dmphen
(4,7-dimethyl-1,10-phenanthroline), and tmphen (3,4,7,8-tet-
ramethyl-1,10-phenanthroline). The highly reducing nature of
the Ru(phenjjuo™ excited state was ascertained by electron-
transfer quenching with various electron acceptors with reduc-
tion potentials ranging from+0.25 to—1.15 V vs NHE.

(40) (a) Wilker, J. J.; Dmochowski, I. J.; Dawson, J. H.; Winkler, J. R.;
Gray, H. B.Angew. Chem., Int. Ed. Endl999 38, 90. (b) Mines, G.
A.; Bjerrum, M. J.; Hill, M. G.; Casimiro, D. R.; Chang, |.-J.; Winkler,
J. R.; Gray, H. BJ. Am. Chem. S0d.996 118 1961. (c) Winkler, J.
R.; Gray, H. B.Chem. Re. 1992 92, 369. (d) Wuttke, D. S.; Bjerrum,
M. J.; Winkler, J. R.; Gray, H. BSciencel992 256, 1007.

(41) (a) Cukier, R. I.; Nocera, D. GAnnu. Re. Phys. Chem1998 49,
337. (b) Kirby, J. P.; Roberts, J. A.; Nocera, D. -5 Am. Chem. Soc.
1997 119 9230. (c) Roberts, J. A.; Kirby, J. P.; Wall, S. T.; Nocera,
D. G. Inorg. Chim. Actal997 263 395.

(42) (a) Lin, C. T.; Boettcher, W.; Chou, M.; Creutz, C.; Sutin,]NAm.
Chem. Soc1976 98, 6536. (b) Sutin, N.; Creutz, Q\dv. Chem. Ser.
1978 168 1.

(43) Hauenstein, B. L., Jr.; Dressick, W. J.; Buell, S. L.; Demas, J. N.;
DeGraff, B. A.J. Am. Chem. S0d.983,105 4251.

(44) Dovletoglou, A.; Adeyemi, S. A.; Meyer, T. horg. Chem.1996
35, 4120.

(45) Norrby, T.; Baje, A.; Akermark, B.; Hammarstro, L.; Alsins, J.;
Lashgari, K.; Norrestam, R.; Martensson, J.; Stenhagerin&g.
Chem.1997, 36, 5850.

(46) Warren, J. T.; Johnston, D. H., Turro,l6org. Chem. Commuri999
in press.



8-Quinolate Complexes of Ru(ll)

Experimental Section

Materials. RuCk, phen (1,10-phenanthroline), bpy (2t&2pyridine),
dmphen (4,7-dimethyl-1,10-phenanthroline), tmphen (3,4,7,8-tetram-
ethyl-1,10-phenanthroline), 8-hydroxyquinoline, and all the substituted

quinones and nitrobenzenes were purchased from Aldrich and used

without further purification. Ru(pheg)™ and Ru(bpyy*t were pur-
chased from Aldrich, dissolved in acetone, and precipitated with ether
followed by filtration to remove excess ligand which was present to
up to 30% in the commercial sample. The Rufuyo" complexes (L

= bpy, phen, dmphen, tmphen) were prepared by the same method

from the reaction of purified Ru(LLl, with 8-hydroxyquinoline as
described in detail below for Ru(phegyo’, in a manner similar to
that previously described for Ru(bpguo’.*”

Ru(phen)Cl, was synthesized by refluxing 0.1 g of Ry@lernight
in 30 mL of DMF with 2 equiv of phen ligand in the presence~af0-
fold excess LICl. After cooling, the purple Ru(phe@), product was
precipitated through the addition of water to the reaction mixture,
collected on a filtration frit, and was thoroughly washed with water
and ether to remove unreacted Rug&id phen ligand. The Ru(phe@),
product was further purified through extraction in a separatory funnel
with CH,Cl,/water to ensure complete removal of the water soluble
and highly emissive Ru(phesj. Ru(phemquo™ was prepared by
stirring 20 mg of Ru(phenEl, with 2 equiv of quoH (8-hydroxyquino-
line) in 50 mL of CHCI, at room temperature. The initially purple
solution turned red after2 h, but the reaction was allowed to continue
for 24 h. The solvent was removed, the red product was dissolved in
a small amount of acetone and precipitated by the addition of ether,
and the solid was collected through filtration. The red complex was
separated from any remaining qudigand present using a CM52
(Whatman) cation exchange column eluted with 0.1 M NaCl, after
washing the complex loaded on the column with water. After removal
of the solvent, the high solubility of Ru(pheguo" in CH,Cl, was
utilized in its separation from NacCl.

The NMR spectra of all the complexes possessed peaks in the
aromatic region. The overlap of the resonances for phen and quo
protons, in addition to the removal of symmetry of the protons of the
ancillary ligands in Ru(Lpquo®, made it difficult to obtain independent
integrated areas. The identity of the Rufio" complexes was
ascertained by mass spectrometry (FAB)

(phen)quo™ strong peaks am/z = 605 (Ru(phenpuo’), 425 (Ru-
(phen)qud), and 461 (Ru(pher)) were detected, and for Ru(bpguio
the correspondingvz = 557 (Ru(bpy)quao"), 402 (Ru(bpy)qud), and
413 (Ru(bpy)") were present. Similar results were observed for Ru-
(dmphenyquo™ and Ru(tmphenjjuo’. Ru(dmpherpguot exhibited the
parent ion peak atvz = 662 and others atVz = 454 (Ru(dmphen)-
quo) and 516 (Ru(dmphes)), whereas the parent ion peak of Ru-
(tmphen)quo* was detected atVz = 718 with additional peaks at/'z
= 482 (Ru(tmphen)qug and 574 (Ru(tmphegs)).

Instrumentation. Absorption measurements were performed in a
Hewlett-Packard diode array spectrometer (HP 8453) with HP8453 Win
System software installed in an HP Vectra XM 5/120 desktop computer.
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Figure 2. Electronic absorption (left) and emission (rightx. = 500
nm) spectra of Ru(tmphesguo™ (—) and Ru(phenjjuct (---) in water.

700

electronics built in-house, was focused onto the sample af av@f
respect to the laser beam with an f/4 lens. The lamp light and the laser
beam each pass through computer-controlled Uniblitz shutters with
Uniblitz (model D122) drivers prior to reaching the sample. The white
light transmitted by the sample was collimated and focused with two
fused silica plano-convex lenses (f/4, 1 in diameter) onto the entrance
slit of a Spex H-20 single monochromator (1200 gr/mm grating blazed
at 500 nm), and the signal was detected utilizing a Hamamatsu R928
photomultiplier tube (modified in house to accommodate high light
intensity applications) powered by a Stanford Research PS325 power
supply. The signal was digitized on a Tektronics 400 MHz oscilloscope
(TDS 380) triggered by the signal of a photodiode produced by each
laser pulse reaching the sampte5% laser light was split by a quartz
plate). A PowerMac 7600/132 (Apple) equipped with a National
Instruments GPIB interface (NI-488.2) and a National Instruments data
acquisition board (PCI-1200) was programmed with Labview 4.1
software to control the data acquisition by the oscilloscope and the
PMT voltage. The timing of the triggering of the laser oscillator and

» where the parent ion peaksQ-switch, the lamp pulser, and various shutters was accomplished using
of all the complexes and expected fragments were detected. For Ru-

a digital delay generator (SRS DG535), whose action was coupled to
the acquisition cycles of the computer through AND-gate circuitry.
Attenuated scattered laser light yielded an overall instrument response
function with fwhm= 12.5 ns. Emission lifetimes greater than 100 ns
were measured on the same instrument with &gcitation/detection
geometry®® whereas shorter luminescence decay traces were collected
using a model OB900 single photon counting (Edinburgh Analytical
Instruments) instrument.

Results and Discussion

Ground-State Properties.The electronic absorption spectra
of Ru(phenjquo™ and Ru(tmphenjjuct in water are shown in

Emission spectra were collected on a SPEX FluoroMax-2 spectrometerFigure 2 and are typical of the Ru@guo™ (L = bpy, phen,

equipped with a 150 W xenon source, a red-sensitive R928P photo-
multiplier tube, and DataMax-Std software on a Pentium microproces-

dmphen, tmphen) series of complexes. The absorption maxima
and extinction coefficients for all the complexes in the Rpgup"

sor. The electrochemical measurements were conducted using a Cypresseries are listed in Table 1. The spectral differences among the
Systems CS-1190 using a single-compartment three-electrode cell. Thequo-containing complexes in the 25800 nm region are

working electrode wata 1 mmdiameter Pt disk (Cypress) with a Ag/
AgCl reference electrode (Cypress) and a Pt wire counter electrode.
The electrolyte wa 1 M KCI. The E;»(Ru"") was estimated using
both cyclic voltammetry AE = 100 mV) and differential pulse
voltammetry

The transient absorption signal was measured following sample
excitation with the 532 nm output from a frequency doubled Spectra-
Physics GCR-150-10 Nd:YAG laser (fwhwm8 ns,~5 mJ/pulse). The
output from a 150 W Xe arc lamp (USHIO) powered by a PTI PS-220
power supply (in a PTI housing with /4 focusing lens), pulsed with

consistent with the variation of ther* transition of the ligand

L. In addition, when compared to the parent Rutl-)systems,
the differences are consistent with the presence of gudhe
ligation sphere. The 8-hydroxyquinoline ligand, quoH, and
8-quinolate, quo, possess absorption maxima in water at 241
nm (pH = 7) and 254 nm (pH= 10, adjusted with NaOH),
respectively. The contribution of the quodligand to the
absorption by the Ru(ljjuo™ complexes appears as a shoulder
of the wzr* phen, substituted phen, or bpyt* transition, as

(47) (a) Bhattacharya, $olyhedron1993 12, 235. (b) Pramanik, N. C.;
Bhattacharya, SJ. Chem. Resl997 98.

(48) (a) Hackett, J. W., II; Turro, CJ. Phys. Chem. A998 102, 5728.
(b) Hackett, J. W., II; Turro, Clnorg. Chem.1998 37, 2039.
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Table 1. Absorption ¢a,9 and EmissionAer) Maxima, Estimated Excited-State Enerdsyd), and Ground-State Oxidation Potentials (vs NHE)

of the Ru(Lyquo" Complexes in Water

L Aavdnm (/13 M~1cm™?) Aen/NM? EoleV Evo(RUM)NV
bpy 245 (66.2), 290 (86.5), 460 (15.8) 767 1.85 +0.69
phen 265 (78.4), 445 (14.4), 490 (12.1) 783 1.82 +0.62
dmphen 271 (69.2), 453 (14.1) 757 1.88 +0.69
tmphen 264 (89.4), 459 (16.8) 776 1.83 +0.70¢

2 Emission corrected for instrument and detector respdiseDMF with 0.1 M tetrabutylammonium hexafluorosphatépproximate value.

seen in Figure 2 for Ru(phemuo™ and Ru(tmphenyjuc’. In
all the quo-containing Ru(ll) complexes, the MLCT absorption
is shifted to lower energies~40 nm) relative to the corre-
sponding Ru(L¥" systemt

The metal-based Ru(lll/Il) oxidation potentials for the
Ru(L),quot complexes are listed in Tabled 1 M KCl aqueous
solution. In general, the Ru(kquo" systems are easier to
oxidize than their corresponding Rugk) parent complexes by
approximately 0.65 V. A similar shift was observed in Ru-
(bpy)yL™ complexes with the bidentate triazene 1-oxide ligands
L of the type RN(O}¥NNH-p-CH3CgH4 (R = Et, Ph) that
chelate the metal center through coordination by the oxygen
and deprotonated NH atoms, whé&g,(Ru'"") values of+0.40
and +0.49 V vs NHE were reported in acetonitrile, respec-
tively.® In addition, the reported oxidation potential for
Ru(bpy}quo’ is +0.72 V vs NHE in CHCN and+0.69 V in
H,0*" similar to that measured by us in the present work.

The shift in the Ru(lly~ L MLCT transition to lower energy
in the Ru(Lyquo™ complexes relative to the Ru@? systems
along with the ease of oxidation of the former can be explained
by a smaller ligand field splitting induced by que@ompared

Ru(phen);*
Ru(phen),quo™*

Emission Intensity

600 650 700 750 800
A/ nm

Figure 3. Emission spectra of Ru(phefi) (lexc = 450 nm) and Ru-
(phen}quo" (Aexe = 450 nm) at 77 K in ethanol glass.

550 850

are 17.0 and 11.4 ns, respectively, monitored at 770 nm at room
temperature. These excited-state lifetimes are significantly

to bpy, phen, and substituted phen ligands. Nitrogen chelatorsshorter than those reported by others and measured by us for

as part of an aromatic ring result in a larger ligand-field splitting
than neutral and anionic oxygen containing ligands, including
H,O and OH .5° Therefore, the ligand field stabilization energy
(LFSE) in the Ru(L)quo" is expected to be smaller than that
in the Ru(LY?* parent complexes owing to the introduction of

Ru(phen?* (1.1 us) and Ru(bpyf™ (670 ns)t

The low-temperature (77 K) emission spectrum of
Ru(phenjguot collected in an ethanol glass is shown in Figure
3, along with that of Ru(phegd". Both spectra exhibit a
vibrational progression with similar relative intensities, consis-

the oxygen atom in the ligation sphere. In a pseudo-octahedraltent with a similar nuclear displacement of the excited-state and

geometry the lower LFSE in Ru(iquo' results in higher energy
filled metal-centered (MC).§-type orbitals and lower energy
empty g-type orbitals. The energy of the orbital of the phen,
substituted phen, and bpy ligands, located below thtye
Ru(ll) orbitals, is expected to be similar in both Rufdiyo"
and Ru(L¥?*". Therefore, the transition from the ground state,
with electron configuration £4)5(*)°, to the MLCT state,
(t2g®(*) 1, is expected to be at lower energy (red shifted) in
Ru(L),quot compared to the homoleptic Ru@). The ease in
oxidation of the Ru(ll) metal center in the Rughuo™ systems
relative to the Ru(L?™ complexes is consistent with a higher
energy tgtype LUMO in the former.

Photophysical Properties.The Ru(Lyquc" complexes (L

ground-state potential energy surfaces. This observation is
indicative that in Ru(phemuot the emissive state may be
Ru(ll) — phen MLCT in nature, as is well established for
Ru(phen)**.1=3 The transient absorption spectrum of
Ru(phenjguo’™ in water (Figure 4a) is very similar to that
measured by us and reported by others for Ru(pfief) where
positive absorption in the 366400 nm region and above 560
nm is observed along with the ground-state bleaching of the
MLCT absorption (416-550 nm). This finding provides further
evidence that the excited-state populated in Ru(pleioyf is
indeed Ru— phen MLCT.

The bathochromic shift in the emission spectra of the
Ru(L)quot complexes and their short lifetimes compared to

= bpy, phen, dmphen, tmphen) are emissive in various solventsRu(L)s?>" parent complexes are consistent with a lower LFSE

at room temperature, with emission maxima in water listed in
Table 1. Typical emission spectra for Ru(phep)™ and
Ru(tmphemquot are shown in Figure 2 at room temperature.
Inspection of Table 1 reveals a large shi#tlG0 nm) in emission
maxima between the parent tris complexes Rf(LjL = bpy,
phen, dmphen, tmphen), withy, in the 603-628 nm rangé,
and the Ru(Lyquo’ series, withlem from 757 to 783 nm. The
emission lifetimes of Ru(phesguo™ and Ru(bpyjqua' in water

in the Ru(Lyquo™ series relative to the Ru(k" complexes.
The smaller ligand field splitting results in lower energy metal-
centered (MC) excited states, with electron configuration
(t2g)3(71*) %(eg)t, thus placing the MC states closer in energy to
the lower energy emissive MLCT excited state. Since it is
established that the deactivation of the MLCT excited state of
Ru(ll) complexes, including Ru(bpy)™ and Ru(phenf, takes
place through the thermal population of the MC statgg 5253

(49) Mukherjee, R.; Chakravorty, Al. Chem. Soc., Dalton Tran%983
2197.

(50) (a) Jargensen, C. KAbsorption Spectra and Chemical Bonding in
ComplexesPergamon Press: London, 1962. (b) Huheey, J. E.; Keiter,
E. A,; Keiter, R. L.Inorganic Chemistry: Principles of Structure and
Reactuity, 4th ed.; HarperCollins: New York, 1993.

(51) Kumar, C. V.; Barton, J. K.; Turro, N. J.; Gould, I. Rorg. Chem.
1987, 26, 1455.

(52) Van Houten, J.; Watts, R. [horg. Chem.1978 17, 3381.

(53) (a) Wacholtz, W. F.; Auerbach, R. A.; Schmehl, R.Ikbrg. Chem.
1986 25, 227. (b) Wacholtz, W. M.; Auerbach, R. A.; Schmel, R. H;
Ollino, M.; Chery, W. R.Inorg. Chem.1985 24, 1758.
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@ Table 2. Rate Constants for the Quenching of *Ru(phgop" by
Electron Acceptors with Various Reduction Potentials insCN
0.04 \{ acceptor Ei(AY)VE  —AGIV kM~ 1stP
002 3-nitro-o-xylene —1.15 0.18 <3 x 10%*
’ oo 5-nitro-m-xylene -1.02 0.31 2.2 10°
[a) .,-..o."""' Ne-9 1-chloro-4-nitrobenzene —0.89 0.44 1.1x 10w
S] 0.00 3-nitrobenzaldehyde -0.85 0.48 1.8< 1010
o-dinitrobenzene -0.67 0.66 2.5¢ 10t°
002} duroquinone —0.60 0.73 2.1x 101
\ p-dinitrobenzene —0.34 0.99 2.3« 1010
i p-benzoquinone —0.27 1.06 3.3« 10t
—0.04 w tetrachlorop-benzoquinone  +0.25 1.58 3.3« 100
P I T aVs NHE; values from: Encyclopedia of Electrochemistry of the
- ®) Elements, Organic Section, Volume X#ard, A. J., Lund, H., Eds.;
s MV Marcel-Dekker: New York; 1978. Mussell, R. D.; Nocera, D. &.
0.015 F Am. Chem. S0d.988 110, 2764.> Thek, values were determined from
steady-state measurements of the integrated emission spgddfrao
[Q] = 0.1 M.
0.010 |
a
o - 30 [
< MV
0.005 - r
f:-.w N
28 -
0.000 -
W or
—0.005 . . " .
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A /nm

Figure 4. Transient absorption spectra of 0.1 mM Ru(phgad" in
water (a) in the absence and (b) in the presence of 6 MM M¥exc
= 532 nm), collected 20 ns andk after excitation, respectively.

In(kg) / M5!

it is expected that the lower MC states in the Ru¢iujo
complexes would lead to the observed shorter excited-state

1 " 1 N L]

lifetimes. 1> 20 23
Excited-State Redox Properties of Ru(phenjjuot. From -AG/V

the onset of the emission of Ru(phgq)o* in acetonitrile the Figure 5. Marcus plot of Inky) vs —AG for the quenching of the

energy of its MLCT state can be estimated toHg ~ 1.95 *Ru(phen)quct emission by electron acceptors in acetonitrile (Table

eV, leading to an excited-state oxidation potenBgh(Ru'"" ) 2), where the measure®) and calculated values df (—) and kact

~ —1.33 V vs NHE. The transient absorption spectrum of (=) are shown. (Equations were used withvo = 250 e, f§ =
Ru(phen)quo™ in the presence of methyl viologen (M%) tlégt) 4 =02 eV, andl = 298 K; for additional parameters, see
collected ~1 us after 532 nm excitation in deoxygenated '

aqueous solution is shown in Figure 4b. The well-known force becomes more negative indicative of diffusion-controlled
absorption features of reduced methyl viologen, M\at 395  Kinetics. The solid line in Figure 5 is the calculated valudpf

and 605 nm are clearly observed in the spectrum, as well asas a function of driving force given by eq®dwherekg and
some absorption in the 65050 nm range that may be assigned

to the oxidized complex, Ru(phequd*. KoKt
The driving force dependence of the electron-transfer quench- kq = m )
ing of the *Ru(phemguc” excited state in the presence of i o
neutral electron acceptors in acetonitrile, where the lifetime of ., are the diffusional and activated electron-transfer rate
the Comp|eX is 32.2 ns, was determined from the Slope of Stern constants. The rate Constam‘ﬁf and kact can be evaluated to

Volmer plots. The quenching is dynamic in nature, where the account for electron-transfer processes at distangespm
decrease in the lifetime of the complex parallels that of the closest contactg, to © by egs 2 and 5556 where N is

emission intensity. The oxidative quenching rate const&gts,

of *Ru(phen)quo” by various quinones and nitrobenzene _47rND{ 00 - 21-1y -1
derivatives with reduction potentials ranging fro#0.25 to Kair = 1000 L dr [exp(-U(r)/keTr] 2)
—1.15 V vs NHE are listed in Table 2. Energy transfer AN oo

quenching of the excited state to the triplet states of the quinones kactzﬁof(, dr expU(r)/ksTko(r) r (3)

or nitroaromatics can be ruled out, since the energy of the triplet
states of the acceptors is above 2.1 eV in all c&$ésplot of

kg vs —AG is shown in Figure 5, where the typical bimolecular
Marcus behavior is observed. A plateau is reached as the driving

Avogadro’s numberD is the sum of the diffusion coefficients
of the reactants in acetonitrité kg is Boltzman’s constanfl

(55) (a) Sutin, N.Prog. Inorg. Chem1983 30, 441. (b) Newton, M. D;
(54) Murov, S. L.; Carmichael, |.; Hug, G. Handbook of Photochemistry, Sutin, N.Annu. Re. Phys. Chem1984 35, 437.
Second Edition, Résed and Expandedviarcel Dekker: New York, (56) Brunschwig, B. S.; Ehrenson, S.; Sutin, NAm. Chem. S0d.984
1993. 106, 6858.
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is the temperature, and the interaction energy between thewere obtained using the semiclassical form of eq 4, which
reactantslJ(r), is approximately zero when a neutral reactant accounts for deactivation through vibronic states of the reactant

1/2

_ 2
V.2 exp[-B(r — o)] ex —(+ AGY

is involved®® The classical fixed-distance electron-transfer rate
1
T 47k T

constantke(r), is given by>:56.58
TkgT } 4)

ker) =
2
h

where is the sum of the inner-spheré;) and outer-sphere
(40) reorganization energiesy, is the electronic coupling
between the donor and acceptor at closest confhads, the
electronic coupling damping factor, amdiG is the driving
force®® The value ofl, was estimated from the classical
dielectric continuum mod#}-56.58

1

D

S,

1

o (5)

_ o 1 1 1
#o = (A9) [ZrA * 2rg r][
wherera andrg are the radii of the reactants abd, and Ds
are the optical and static dielectric constants of the solvent,
respectively (for acetonitril®,, = 37.5 andDs = 1.34). The
details of the calculation using eqs-% from donor/acceptor
center-to-center distance of 30 A to closest contagctysing
average radii of 6.5 and 3.5 A for the Ru(ll) complex and the
aromatic acceptors, respectively, was described previgsly.
With these parameters we obtadig; = 2.42 x 101°M-1 s
a value typical for neutral molecules in GEN .5
It is apparent from the calculated quenching rate constant as
a function of driving force shown in Figure 5 that our

potential energy surface in the inverted regi®f? Although
the excited state of Ru(phemuo™ is highly reducing, the
observation of the inverted region for the forward ET is not
possible, since witlE(RUM) = 4+0.62 V andEg(Ru'™)

= —1.33 V vs NHE the maximum experimental driving force
possible is~1.9 V to avoid ground-state oxidation of
Ru(phenguo’.

Conclusions

In summary, we prepared a series of Ru(ll) complexes of
the type Ru(L)quo" (L = bpy, phen, dmphen, tmphen) and
investigated their photophysical and redox properties. The
absorption and emission of the Ruftijio™ are significantly red-
shifted relative to the parent complexes Rutt) with emission
maxima in the 757783 nm range in water. The Ru@dguo’
systems are easily oxidized wi(Ru"") values ranging from
+0.62 to+0.70 V vs NHE. The emissive Rt phen MLCT
(metal-to-ligand charge transfer) excited stat&g ¢ 1.95 eV)
of the Ru(Lyquo™ complexes are significantly better reducing
agents than the MLCT states of the parent Rgf(Lfomplexes
by ~0.5 V. Emission lifetimes of 17.0 and 32.2 ns were
measured for Ru(phesuo™ in water and acetonitrile, respec-
tively, and 11.4 ns for Ru(bpyjuo™ in water. Transient
absorption results are consistent with the formation of reduced
methyl viologen upon Ru(phemguo’ excitation with visible
light in water, and bimolecular Marcus behavior is observed
upon electron-transfer quenching of its MLCT excited state by
quinones with reduction potentials ranging freir.25 to—1.15

measurements are consistent with the predicted Marcus behaviory; \,s NHE.

including the calculated values &f at —AG < 0.2 V, where

an upper limit ofk; < 3 x 10® M~* s7! was estimated for the
quenching by 3-nitra-xylene (Table 2~AG = 0.18 V). In
addition, the calculation shows that the inverted region for the
forward ET reaction between *Ru(pheglio” with the series

Acknowledgment. C.T. thanks the Petroleum Research Fund
(Grant 31878-G4) and The National Science Foundation (Grant
CHE-9733000), for their generous support, as well as The
Arnold and Mabel Beckman Foundation for a Young Investiga-

of substituted benzoquinone and nitrobenzene acceptors intof Award and The Ohio State University for a Seed Grant

acetonitrile would be observed-aAG > 2.4 V. Similar results

(57) For reactants A and B) = Da + Dg, with Da = kgT/6mtra77, where
ra is the radius of reactant A anglis the viscocity of acetonitrile
(0.341 g cmiY). From this expression we calculdbe= 2.80 x 10°°
cmé s L

(58) (a) Marcus, R. AJ. Chem. Phys1956 24, 966. (b) Marcus, R. A.
Annu. Re. Phys. Chem1964,15, 155. (c) Marcus, R. A.; Sutin, N.
Biochim. Biophys. Actd985 811, 265.

(59) AG = AG® + w; — Wp, whereAG® = Ey(A%") — Eyn(RUM"™) and
w; andw, represent the work associated with bringing charged reactants

together and separating charged products, respectively, and can be

calculated fromU(r) = z:z€%/Dy (see refs 55, 56, and 58).

award. D.H.J. thanks the Petroleum Research Fund for partial
support of this work (Grant 33230-GB3). The authors thank

Prof. N. J. Turro for the use of the single photon counting

instrumentation in his laboratories at Columbia University.

1C991001Z2

(60) (a) Miller, J. R.; Calcaterra, L. T.; Closs, G. . Am. Chem. Soc.
1984 106, 3047. (b) Closs, G. L.; Calcaterra, L. T.; Green, N. J.;
Penfield, K. W.; Miller, J. RJ. Phys. Chenil986 90, 3673. (c) Closs,
G. L.; Miller, J. R. Sciencel988 240, 440. (d) Liang, N.; Miller, J.
R.; Closs, G. LJ. Am. Chem. S0d.99Q 112 5353.



	Ground-State Properties and Excited-State Reactivity of 8-Quinolate Complexes of Ruthenium(II)
	Repository Citation

	/var/tmp/StampPDF/DAUO63wbyJ/tmp.1469203787.pdf.e8xAj

