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Interpretation of the Time-Resolved Resonance (bpy)]?" and [Ru(phenj?*, which are otherwise closely related
Raman Spectrum of [Ru(phen}]2™ in their electronic and molecular structures. An alternate

interpretation of the TRspectrum of [Ru(pheg]ft" is presented
Jon R. Schoonover,*® Kristin M. Omberg, * here which favors localization in its lowest MLCT state(s) as
John A. Moss? Stefan Bernhard,! Vicki J. Malueg, well.
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William H. Woodruff, T and Thomas J. Meyer Experimental Section

Cpr)trlbutlon from Chem,'cal Science and Sample Preparation. [Li*(phen)], ~2 mM in tetrahydrofuran
Technology Division, Los Alamos National Laboratory, (gistilled from LiAlH, and then potassium metal), was prepared by
Los Alamos, New Mexico 87545, and the Department of yeqyction of anhydrous 1,10-phenanthroline with an excess of lithium
Chemistry, CB# 3290, University of North Carolina,  metal under an inert atmosphere. Extreme caution was used to keep
Chapel Hill, North Carolina 27599-3290  the reagents and reaction vessel oxygen- and water-free. The initially
colorless solution turned deep blue as the reaction progressed. The
Receied March 13, 1997 blue solution was transferred under an inert atmosphere to an absor-
bance/Raman cell of our own design. The absorption spectrum of the
Introduction ion-paired anion exhibited bands at 394 rm-(10,000 L mot* cm™),
o ) 582 nm € ~ 3,000 L mof?! cm™1), and 631 nm¢ ~ 3,000 L mot?

The initial, and subsequent, time-resolved resonance Ramancm1) with a shoulder at 538 nm. The solutions were highly oxygen-
(TR®) spectra of the metal-to-ligand charge transfer (MLCT) and water-sensitive and a2 mM side reactions occurred as evidenced
excited state(3) of [Ru(bpy)]?t (bpy is 2,2-bipyridinef-3 by the production of violet or brown solutions.
showed that localization of the excited electron and [Ru-  [Ru'(phen”)(phen)]* was prepared by bulk electrolysis of 2 mM
(bpy)(bpy)]?*" is a better description than delocalization and [Ru(phen}](PFe). at —1.44 V vs SSCE in acetonitrilds containing
[Ru(bpy¥>~)3]2+, at least on the nanosecond time sdalEhis 0.1 M tetran-butylammonium hexafluorophosphate and transferred to
conclusion was verified by transient infrared difference spectra Se@led Raman and UMiisible absorption cells under nitrogen. The

. : 1D £ . : initially orange solution turned dark brown-red as the reduction pro-
?;853(:?2/1';‘? bpy bands in the mid-IR fingerprint region (1400 gressed. The absorption spectrum of the reduced form exhibited mul-

. tiple absorptions in the UV and visible including an intense absorption
It was reported recently that excited-state phen bands are N0ty re at 393 nm.

observed in the TRspectrum of [Ru(pheg)*", and this was Raman Measurements. Resonance Raman (RR) spectra were
claimed as evidence for delocalization in the lowest MLCT acquired as previously described by using continuous wave excitation
excited state(s) of this compléxIf this is true, there is a striking  at 350.7, 406.7, or 457.9 nmTime-resolved resonance Raman IR
and profound difference in excited-state properties between [Ru-spectra were measured by using the third harmonic (354.7 nm) of a
Quanta-Ray DCR-2A pulsed Nd:YAG laser both to create the excited

T Chemical Science and Technology Division, Los Alamos National State and as a source for the Raman scattering. The scattered radiation
Laboratory. was collected in a 135backscattering geometry into a SPEX 1877

* Department of Chemistry, University of North Carolina at Chapel Hill. Triplemate spectrometer equipped with 1800 grooves/mm grating.

(1) The lowest “excited state” above 77 K is a Boltzmann-populated set : : ; P
of three levels predominantly triplet in character. (a) Hager, G. D.. Optimum laser power for the experiment was determined by monitoring

Crosby, G. AJ. Am. Chem. Sod.975 97, 7031. (b) Hager, G. D.: f[he sample emissior_l while adjus_ting the laser power. When emission
Watts, R. J.; Crosby, G. Al. Am. Chem. Sod975 97, 7037. (c) intensity no longer increased with laser power, it was assumed that
Kober, E. M.; Meyer, T. Jinorg. Chem.1984 23, 3877. irradiance saturation was achieved (laser power was typically between
(2) (a) Dallinger, R. F.; Woodruff, W. H..JAm. Chem. Sod.979 101, 3 and 5 mJ/pulse depending upon focusing conditions). The Raman

4391. (b) Bradley, P. G.; Kress, N.; Hornberger, B. A; Dallinger, R sjgnal was detected by a Princeton Instruments IRY-700G optical mul-

F.; Woodruff, W. H.J. Am. Chem. So&981, 103 744. (c) Strommen, } A . :
D. P.; Mallick, P. K. Danzer, G. D.. Lumpkin, R. S.; Kincaid, J. R. tichannel analyzer operating in the gated mode with a ST-110 OSMA

J. Phys. Chem199Q 94, 1357. (d) Mallick, P. K.; Danzer, G. D.; detector controller. Timing was controlled by a Princeton Instruments
Strommen, D. P.; Kincaid, J. R. Phys. Chem1988 92, 5628. (e) FG-100 pulse generator. Data collection and storage were controlled
McClanahan, S. F.; Dallinger, R. F.; Holler, F. J.; Kincaid, J.JR. by an IBM AT with Princeton Instruments SMA software. Samples
Am. Chem. Sod 985 107, 4853. (f) Mabrouk, P. A.; Wrighton, M. of [Ru(phen](PF). for TR® measurementsy3 mM in acetonitrile,

S. Inorg. Chem.1986 25, 526.
Chang, Y. J.: Xiaobing, X. S60-Chang, Y.: Anderson, D. R.. Orman, were deoxygenated by at least three cycles of frepzenp—thaw

L. K.; Hopkins, J. B.J. Phys. Chem199Q 94, 729. degassing.

Typical ns TR experiments on [Ru(bpy]?" and [Ru(phen)?* utilize

a’single laser pulse (354.7 nm) both to excite the sample and as the Results

source for resonance Raman scattering from &> z* transition . _ 0 B
localized largely on the partially reduced polypyridyl acceptor ligand. In the absorption spectra of [t{phen~)], [Ru'(phen~)-
The Raman signal is integrated over the period of the gate used in the (phen}]*, and [Ru(pher)?™, intenser — z* absorptions are

detection system (ca. 400 ns) which is centered on the laser pulse. 5hseryed which are based on the partly or fully reduced ligand
Given this arrangement, a precise time resolution is not defined, but, ’

in practical terms, excited states must have lifetimes of 50 ns or longer, including a band that appears at 394 nm in all three spectra.
depending on the sensitivity of the detector system. The resulting This band is significantly red-shifted comparedrte—~ 7* for
“spectrum” is an average over the time range of the gate. For [Ru- bpy~ in [Ru(bpy) 2+* which appears at 370 nm. Ground-state

(bpy)]?* under conditions of irradiance saturation 4 mJ per pulse), .
where the emission intensity no longer increases with laser power, R&man band energies from the RR spectrum of [Ru(pf#n)

ground-state-like bpy bands persist in the spectrum. They originate measured with 350.7-nm excitation in water are listed in Table
from near-resonance enhancementnof— s* absorptions in the 1. They are compared with PRlata for [Ru(phenr]?*" (354.7

nonacceptor bpy ligands in [Ribpy)(bpy )] which appear at ; e
higher energy. nm pulse and probe in acetonitriled mJ per pulse) and RR

(5) (a) Omberg, K. M.; Schoonover, J. R.; Treadway, J. A.; Leasure, R.
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M.; Dyer, R. B.; Meyer, T. JJ. Am. Chem. Socin press. (7) (a) Strouse, G. F.; Schoonover, J. R.; Duesing, R.; Boyde, S.; Jones,
(6) Turrg C.; Chung, Y. C.; Leventis, N.; Kuchenmeister, M. E.; Wagner, W. E.; Meyer, T. JInorg. Chem.1995 34, 473. (b) Malueg, V. J.
P. J.; Leroi, G. Elnorg. Chem.1996 35, 5104. M.A. Thesis, University of Texas at Austin, Austin, TX, 1981.

S0020-1669(97)00293-0 CCC: $15.00 © 1998 American Chemical Society
Published on Web 04/21/1998



2586 Inorganic Chemistry, Vol. 37, No. 10, 1998 Notes

Table 1. Raman Band Energies (in ci); Bands in All Three Spectra Are Indicated in Boldface Type

[Ru(phen)]?tab [Li *(phen™)]ac [Ru"(phen™)(phen)] 9 [Ru(phen™)(phen)]?t ¢ origin
1115w phen
1119m 1120 1130 phem
1148 w 1150 1150 phen
1209 w 1212m 1205 1208 phenphen-
1255w phen
1254m 1252 1272 phem
1301w 1287 phen
1312m 1281m 1308 1306 phenphen-
1335 m 1341 phen
1421 m phen~
1433 m 1432 1433 phen
1454 m 1453 m 1450 1455 phenphen-
1516 w 1515m 1510 1516 phenphen-
1543 m 1546 phen
1582 m 1577 phen
1587w 1591 1585 pherr
1604 w 1605 phen
1634 m 1632 1632 phen

aRelative Intensities are indicated as follows: =medium; w= weak.? In water, 293 K, 350.7 nm excitatiofln tetrahydrofuran, 293 K,
406.7 nm excitationd In acetonitrileds, 293 K, 406.7 nm excitation. Solvent appears at 1376-abd50 cnt. ¢In acetonitrile, 293 K, 354.7 nm
pulsed excitation. Solvent appears at 1376 and50 cnit.
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Figure 1. TR® spectrum of [Ru(phegl?™ (354.7 nm excitation and Figure 2. RR of spectrum [Ru(phen)(phen}]* (406.7 nm excita-
scattering,~4 mJ per pulse);~3 mM in acetonitrile at 298 K. Bands  tion), ~3 mM in acetonitrileel; at 298 K. Bands from phen are
from phen~ are labeled with “*". Solvent bands appear at 1376 and labeled with “*”. Solvent bands appear at 1376 antl450 cnt* and
~1450 cm! and are labeled “S”. are labeled “S”.

data for [Li*(phen™)] and [Ru'(phen-)(phen)]* (406.7 nm Discussion

excitation in acetonitrile). There is a reasonable correlation |, contrast to an earlier report, the data presented here provide
between resonantly enhanced bands for*(hhen)] and evidence for distinct phen bands in the TRspectrum of [Ru-
[Ru'(phen~)(phen}]*. The phen radical anion is a very weak (phen)]2+* at 1130, 1272, and 1585 ¢ In the TFE spectrum
Raman scatterer even with excitation relatively close to the ¢ [Ru(bpy)]2™*, there is considerable resonance enhancement
intensexr — z* band at 394 nm. because the bpy = — z* absorption at 370 nm is near the
The TR spectrum of [Ru(pheg]?™ from 1100 to 1650 crm, excitation line at 354.7 nm. The phenr — z* absorption
shown in Figure 1, includes ground-state Raman bands even afor [Ru(phen)]?** occurs at 394 nm, which greatly decreases
high laser irradiances. Comparison between the RR spectra ofthe resonance effect.
[Li *(phen™)] and [Ru'(phen~)(phen)] * in Figure 2 show that In addition, resonance Raman intensities are intrinsically
many of the phen bands are near in energy to ground-state lower for phen than for bpy. They scale as the square of the
bands (Table 1). There is no overlap between ground-state anddimensionless displacement between statgsyhich is related
transient RR bands at 1130, 1272, and 1585%cnThese bands  to the electron-vibrational coupling constag, by, § = -
are labeled with “*” in Figures 1 and 2 and shown in boldface (Aj)2. Application of a Franck Condon analysis and the single
type in Table 1. Bands of low intensity are observed near 1270 mode approximation to emission from a series of ©py) and
and 1580 cm! in the TR spectrum of [Os(phen)(pyf* as 0Os'(phen) complexes showed that S is systematically lower by
well, and related observations have been made on other pherup to ~20% for phen compared to bpy as acceptor ligand at
complexe$. By using a difference approach to obtain TR  the same energy gdpln this case, th&values are the sum of
spectra, Hopkins et al. suggested that RR bands for [Ru-§'s for a series of coupled ring stretching modes from 1100 to
(phen}]2™™ appear at 1130, 1208, 1272, 1306, 1455, 1516, and 1650 cnt!. The difference between ti&values is due to the
1585 cnrl3 greater rigidity of phen compared to bfy.Application of a
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Franck-Condon analysis to emission from [Ru(phgf)” and lithium which may produce the doubly reduced anion with a
[Ru(bpy)]?™™ in acetonitrile at room temperature gee= 0.93 distinct spectrum of its owfP Electrochemical generation of
(phen) and 1.13 (bpy?1° This decrease i and associated  [Ru'(phen~)(phen}]* by controlled-potential electrolysis cir-
changes in equilibrium displacement decrease the resonanceumvents this problem and agreement between our data for
effect. The greater rigidity of the phen ligand also decreases [Rul (phen~)(phen}]* and [Ru(phenj2** points to the presence
the difference in band energies between the ground and MLCT of partly reduced phen in [Ru(phei?™.
excited state. On the basis of these data, we conclude that [Ru(plfen)
Interpretation of the TRspectrum of [Ru(phe@])zf* basgd is best described as [gphen-)(phen}] ", at least on the-ns
solely on the spectrum of “Liphen)” can also be misleading.  (ime scale of the TRexperiment. This is consistent with the
This method of generating the anion uses a large excess ofjycalized description advanced earlier for [Ru(bg#/)°25
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