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The Re—MQ* MLCT excited state of [Re(MQ*)(CO)s(dmb)?* (MQ* = N-methyl-4,4'-bipyridinium, dmb = 4,4'-
dimethyl-2,2'-bipyridine), which is populated upon 400-nm irradiation, was characterized by picosecond time-resolved
IR and resonance Raman spectroscopy, which indicate large structural differences relative to the ground state.
The Re—MQ* MLCT excited state can be formulated as [Re'(MQ*)(CO)s(dmb)J?*. It decays to the ground state by
a MQ—Re" back-electron transfer, whose time constant is moderately dependent on the molecular nature of the
solvent, instead of its bulk parameters: formamides ~ DMSO ~ MeOH (1.2-2.2 ns) < THF, aliphatic nitriles
(3.2-3.9 ns) << ethylene-glycol ~ 2-ethoxyethanol (4.2—4.8 ns) < pyridine (5.7 ns) < MeOCH,CH,OMe (6.9 ns) <
PhCN (7.5 ns) < MeNO; (8.6 ns) <<< CH,Cl,, CICH,CH,CI (25.9-28.9 ns). An approximate correlation was found
between the back-reaction rate constant and the Gutmann donor number. Temperature dependence of the decay
rate measured in CH,Cl,, MeOH, and BuCN indicates that the inverted MQ*—Re" back-electron transfer populates
a manifold of higher vibrational levels of the ground state. The solvent dependence of the electron transfer rate is
explained by solvent effects on inner reorganization energy and on frequencies of electron-accepting vibrations, by
interactions between the positively charged MQ* pyridinium ring and solvent molecules in the electron-transfer
product, that is the [Re(MQ*)(CO)s(dmb)J>* ground state.

Introduction tron transfer, ILET (eq 2). Th&MLCT(MQ) excited state,

produced either by direct excitation or by ILET, decays to
The complex [Re(MQ)(CO)(dmb)F+ (MQ™ = N-meth- i .
yl-4.4-bipyridinium, dmb= 4,4-dimethyl-2.2-bipyridine) the ground state by the back electron-transfer reaction (eq

undergoes a very interesting excited-state dynamfidsl- 3.
lowing irradiation at 400 nm, which is summarized in | + 4+ ho
Scheme 1 and by eqs—B. Optical excitation populates [Re(MQ )(CO)3(dmb)]2 -

simultaneously ReMQ* and Re-dmb metal-to-ligand [Re'(MQ™)(CO)(dmB)]*" + [Re" (MQ")(CO),(dmb)F*
charge-transfer excited states, hereinafter called MLCT(MQ) MLCT(dmb) MLCT(MQ)

and MLCT(dmb), respectively (eq 1). TRRILCT(dmb) ex- Q)
cited state then undergoes a dmbMQ™ interligand elec-

[Re" (MQ")(COK(dmB ™ )]** =~
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Scheme 1. Excited-State Behavior of [Re(MQ(CO)(dmb)p+ 2
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aThe reacting MLCT(dmb) and product MLCT(MQ) states are actually spin-triplets. Spin labels and the intersystem crossing step are omittgd for clarit

18 ps, depending on the solvent. The mechanism of the backiransfer reactions, for example in betaid&3? acridinium
electron transfer (3) was not studied so far, although a time dyes!®17 and donotacceptor derivatives of bipher§lor
constant of 52 ns in 1,2-dichloroethane was mentioned in metal complexes containing a-g-phenylterpyridine-tri-

the literaturé® It can be discussed from two different arylpyridinium ligand®-2 Similarly, intramolecular rotation
angles: either as a nonradiative decay of the MLCT(MQ) can be coupled to optical charge-transfer excitation, as was
excited state or as a MQRé' back electron transfer. observed, for example, in ruthenium(ll) complexes containing

Excited-state dynamics of [RMQ*)(CO)(dmb)P* pro- a bpy ligand that bears a phenyl- or methylpyridinium
vide an excellent case for understanding various aspects ofgroup?2.23

electron tra_msfe_r, suc_h as the transition t_)etw_een adiabatic Nonradiative excited-state decay in [Re(L)(G@)di-
and nonadiabatic regimes, solvent and _V|b_rat|onal contro_l, imine)J™ and analogous Ru(ll) complexes is well understood
roles of outer- and inner-sphere reorganization, etc. ILET IS ¢ \y) cT(diimine) excited states, where the electron is
a very eff|.C|ent way to achlgve an exceptionally fast excited into thex* orbital of the equatorial diimine ligand
photochemical charge separation. It is a rather Cor‘nmon'(diimine=derivatives of 2,2bipyridine, 1,10-phenanthroline

albeit little studied, reaction that occurs in MLCT excited C . I

. . - . or other polypyridines, 2-pyridyl-carbaldehyde-imine, and
states of tris- and bis-polypyridine compleX&$ and which 4 . 7
was also invoketd in the “DNA switch” [Ru(bpyy(dppz)P*. 1,4-diazabutadiene). Nonradiative decay rates are usually
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interpreted* 2’ by using the energy-gap law. On the other passed through an Oriel monochromator and the light intensity at
hand, MLCT(L) states, where the electron is localized at the 600 nm was detected by a P28 PMT (Hamamatsu), whose signal
axial ligand, are rather rare, often difficult to populate by Was recorded on a Tektronix TDS3052 (500 MHz) digital oscil-
optical excitation. They can better be prepared by ILET, as loscope. The laser oscnlatorl, Q-switch, lamp, sﬁutter, qnd .trlgger
in the case of [Re(MQ)(CO)(dmb)E* studied herein, eq were externally controlled with a hor_nemade digital logic circuit,
2. Properties, dynamics, and lifetimes of MLCT(L) excited which allowed for synchronous timing. Temperature-dependent

tudies were performed with a cryostat. Samples were prepared
states are therefore much less understood than those of ..\, dry solvents, degassed with argon, and then cooledia®

MLCT (diimine). Recently, Meyer et al. have studié{Re- _ °C. This was then electrically heated in steps of°@to room
(L)(CO)(4,4-Ro-bpy)]" complexes where L represents vari- temperature. Time-resolved spectra were collected with use of the
ous quinoidal electron-accepting ligands. Lifetime values of same experimental setup in which the detection system was replaced
the MLCT(L) excited states cover a remarkably wide range, by an Acton Spectra-Pro spectrograph, gated CCD detector (Prin-
from 25 ns to 16us?® ceton Instruments ICCD-576EMG/RB), and OMA%.

Herein, we have concentrated on the MLCT(MQ) excited Time-resolved IR, Kerr-gate resonance Raman and Kerr-gate
state of [Re(MQ)(CO)(dmb)P*. The rate of its nonradiative ~ €mission used the equipment and procedures described in detail
decay was investigated by time-resolved absorption spec-Previously?*-3In short, the sample solution was excited (pumped)
troscopy in a wide range of solvents, while further informa- 2t400 m, using frequency-doubled pulses from a Ti:sapphire laser
tion was obtained from the temperature dependence of the2l ~200-fs duration (fwhm) in the case of time-resolved visible

and IR absorption spectroscopy, while pulses eR3ps duration

reaction rate. This study thus completes our understanfling were used for Raman and emission studies. TRIR spectra were

of th? dynamlcs OT the excited Stat_es and eIeCtrOn'tr"’meerprobed with IR (-200 fs) pulses obtained by difference-frequency
reactions involved in the photochemistry of [Re(M@O)- generation. The IR probe pulses cover a spectral range 260
(dmb)P*. The principal conclusions of this work, namely ¢t wide. Kerr-gate TR spectra were measured with-2 ps,

that the medium can influence electron-transfer dynamics 400 nm pump pulses and probed at 600 or 400 nm, using an OPA
by affecting the intramolecular energy-accepting vibrations, or frequency-doubled Ti:sapphire laser pulses, respectively. Kerr
have wider implications for the broad class of molecular gate was used to remove all long-lived emission from the Raman
processes in which electron transfer is accompanied bysignal. TR spectra were corrected for the Raman signal due to the

structural changes. solvent and the ground state by subtracting the spectra obtained at
negative time delays{50, —20 ps) and by subtracting any weak
Experimental Section residual emission that passed through the Kerr gate. The sample

) ) solutions for picosecond TRand TRIR experiments were flowed
[Re(MQ*)(CO)(dmb)](PF). was synthesized as described pre- 45 05 and 0.1 mm open jets, respectively.
viously > The solvents were obtained from Aldrich in spectroscopic Cyclic voltammograms were recorded on a Potentiostat Model
quality (whenever available) and used without_further puri_fication, 270/250 EG&G Instruments Inc., Princeton Applied Research. A
except for CHCl,, CHCN, BUCN, and THF which were dried by o me_puilt electrochemical cell was used with a three-electrode
the standard techniques and distilled underaNnosphere. system: 0.5 mAPt working electrode, Pt-coil auxiliary electrode,
The reaction time constants measured in the course of this study,ng an Ag-coil pseudoreference electrode. All measurements were
occur in an experimentally difficult temporal range that is too fast performed at a scan rate of 100 mV/s with 0.1 M ,BBF;
for conventional nanosecond time-resolved spectrometers and toosupporting electrolyte and-2 mM concentration of the complex.
slow for ultrafast (femtosecond to picosecond) instruments. Herein, o' redox potentials are reported against that of the ferrocene/

we have used a nanosecond spectrometer to obtain kinetic profilesig o cenium (Fc/Ft) redox couple, which was used as an internal
of the probe light intensity at selected wavelengths within the i1nqard.

transient absorption band, measured by a photomultiplier. The signal Stationary resonance Raman spectra were obtained from an
decay was analyzed by using a deconvolution procedure to separate, .otonitrile solution, using a Dilor XY spectrometer with a
the single-exponential absorbance decay from the instrument514.5_nm line of a Spectra Physics 2016 Aaser.
function. The latter was measured independently by the emission
of rhodamine 6G. Deconvolution was carried out in Excel. Results

Nanosecond transient absorption was measured by irradiating
the sample with 310 nm laser pulses of ca. 2 ns (fwhm) duration ~ Energetics of the MQ—Re€' Electron Transfer. In
and 0.7 mJ energy (410 nm pulses were used in benzonitrile andprinciple, information on the driving force of the MQRe'
nitromethane where the 310 nm light is absorbed by the solvent).
These pulses were generated by an XPO-type parametric oscillator(29) Kleverlaan, C. J.; Stufkens, D. J.; Clark, I. P.; George, M. W.; Turner,

. . ; J. J.; Martino, D. M.; van Willigen, H.; Vlek, A., Jr.J. Am. Chem.
that was pumped by a Coherent Infinity Nd:YAG laser. The white S0c.1098 120, 10871,

probe light pulses were produced by a 450-W xenon lamp equipped 3oy vigek, A., Jr.; Farrell, I. R.; Liard, D. J.; Matousek, P.: Towrie, M.;
with a Muller Electronik MSPO5 pulsing unit, giving pulses of 0.5- Parker, A. W.; Grills, D. C.; George, M. Wl. Chem. Soc., Dalton
ms duration, with a sampling rate of 1 Hz. Perpendicular orientation a1) Ua?s-zogzpmé ver A W.: Taday. P. . T W. T Towrie. M

atousek, P.; Parker, A. ., laqay, P. F.; loner, . I Towrne, M.
of the pump and probe beams was used. The probe beam therf Opt. Commun1996 127, 307.

(32) Towrie, M.; Parker, A. W.; Shaikh, W.; Matousek, Meas. Sci.

(24) Stufkens, D. J.; Viek, A., Jr.Coord. Chem. Re 1998 177, 127. Technol.1998 9, 816.

(25) Worl, L. A.; Duesing, R.; Chen, P.; Della Ciana, L.; Meyer, TJJ. (33) Matousek, P.; Towrie, M.; Stanley, A.; Parker, A. Appl. Spectrosc.
Chem. Soc., Dalton Tran§991, 849. 1999 53, 1485.

(26) Caspar, J. V.; Meyer, T. J. Phys. Cheml1983 87, 952. (34) Matousek, P.; Towrie, M.; Ma, C.; Kwok, W. M.; Phillips, D.; Toner,

(27) Chen, P.; Meyer, T. £hem. Re. 1998 98, 1439. W. T.; Parker, A. W.J. Raman Spectros2001, 53, 1485.

(28) Claude, J. P.; Omberg, K. M.; Williams, D. S.; Meyer, TJJPhys. (35) Towrie, M.; Grills, D. C.; Matousek, P.; Parker, A. W.; George, M.
Chem. A2002 106, 7795. W. Appl. Spectrosc2003 57, 367.
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Table 1. Time and Rate Constants of the M&Re' Back Reaction, Selected Solvent Properties, and the Estimated Driving Force

entry solvent Tp, NS Ko, 10Ps-t €l Leop— 1les donor no? ZLF ps
1 N-methylformamide 1.24 8.06 182.4 0.485 49.0 5.7
2 DMF 1.25 8.00 36.7 0.463 26.6 0.92
3 DMSO 1.48 6.76 46.7 0.437 29.8 1.79
4 MeOH 211 4.74 32.7 0.538 18.0 0.94
5 CDsOD 2.21 452
6 formamide 2.18 4.59 111.0 0.469 36.0 5
7 THF 3.23 3.10 7.6 0.376 20.0 5
8 CHsCH,CN 3.47 2.88 27.2 0.501 16.1 1.15
9 CHsCN 3.56 2.81 375 0.529 14.1 0.26
10 CHs(CHy).CN 3.71 2.70 20.3 0.474 16.6 1.85
11 (CH;)2,CHCN 3.82 2.62 20.4 0.483 15.4 3.6
12 CHs(CHy)sCN 3.88 2.58 19.7 0.462 1.88
13 HOCHCH,OH 4.23 2.36 37.7 0.461 20.0 10.6
14 EtOCHCH,OH 4.84 2.07 29.6 0.471
15 pyridine 5.65 1.77 12.4 0.360 33.1
16 MeOCHCH,OMe 6.88 1.45 7.2 0.586
17 PhCN 7.48 1.34 25.2 0.390 11.9 5.1
18 CHNO, 8.56 1.17 35.9 0.498 2.7 0.41
19 CH.CI, 25.89 0.39 8.9 0.383 0.0 0.56
20 CICH,CH.CI 28.89 0.35 10.4 0.384 0.0

2 Reference 420 References 15 and 41References 17 and 4316. e, = optical dielectric constar{t

0.30 T T T T T T T

electron transfer (3) could be obtained from spectral fitting
of the emission band due to radiative decay of #&CT-
(MQ) state, which yields the emission energy and reorga-
nization energy® This band was indeed observed in sta-
tionary emission specttd of [Re(MQ")(CO)(bpy)?™ and
picosecond time-resolved Kerr-gate emission speofrre-
(MQ')(CO)(dmb)P*. However, its very low intensity,
broadness, and overlap with the residdsMLCT(dmb)
emission prevents such fitting. Alternatively, the driving force
can be estimated as a difference of the energy ofNHeCT-
(dmb) excited state and the ILET driving force, which was :
determineélelectrochemically. On the basis of very simflar oo PEAEET T
IR and emission spectra of tAMLCT(dmb) state in [Re- %0 Noelon t;’t—’/onm oo T
(MQ)(COX(dmb)F* and in the model complex [Re(Etpy).- Figure 1. Nanosecond time-reioel\/eedg absorption spectra of [Re(MQ
(qu(dmb)r' we can also ass‘!me that the. r_espectlve (CO)3(drrib)]2+ in CHxCl,. The spectral evolution is indicated by the arrows.
excited-state structures and energies are very similar. Valuesrhe first spectrum was measured coincidently with 310-nm excitation. Time
of 270, 257, and 2.78 eV were determined fo he MLCT- Sl e e e 5 e e e
(dmb) excited-state free energy of [Re(Etpy)(G@nb)}* - - ’ :

in fluid CHsCN, CICH,CH,CI, and a poly(methyl methacry- Experimental Section)

late) polymer film, respectively:*"indicating only very the reversible MQ/MQ* reduction and the quasireversible
limited medium dependence. By using these values and theRé/Re“ oxidation in CHCN, CH,Cl,, and THE: 2.46. 2.39

ILET.drivsi’ng fcz)rgj, Wg ga]_nj_ es\}ir.nate the %rizljilrg f((j)lr_lce of and 2.57 V, respectively. In conclusion, we assume that the
reaction as c.ca and .11 ev.in GEN an HCH;- driving force of the back reaction in all the solvents
Cl, respectively. The latter value can be used also fop-CH investigated lies within the range 2:2.3 eV. The values

'\C/Ilz.._G)Sg?ra}lly, t appea}rs 'that lthtle. Idri\éing fzrce of tﬂe used herein are close to the 2.31 eV driving force of the
Q electron transfer is only little dependent on the BIQD~—Re€' back reaction in the MLCT(BIQD) excited

medium. This assumption is supported by the fact that the state of [Re(BIQD)(CQYdmb)]* (BIQD = benzijisoqui
o = quino-
emission from theMLCT(MQ) state of [Re(MQ)(CO)- line-5,10-dione), whose emission band peaks at 6888hm.

2+ imi i i
g%y&]CHoé?u{Sggt vgrly%lmillar energ_leesq In %G:J\l and Importantly, all the energetic considerations show that the
2CH.Cl, 1.88 and 1.78 eV, respectivelff;and by very driving force values are much larger than any realistic

similar values of the difference between the potentials of estimate of the reorganization enerdy It can thus be

|
(36) Omberg, K. M. Chen, P.: Meyer, T. J. Electron Transfer From _concluded that_ the MQ*Ré_ electron transfer occurs deep
Isolated Molecules to BiomoleculeBart Il, Advances in Chemical in the Marcus inverted region.

Physics. Vol. 106; Jortner, J., Bixon, M., Eds.; J. Wiley & Sons: New _ ineti |
York, 1099: p 555 Solvent-Dependent Kinetics of the MQ—Re€'" Electron

(37) Dattelbaum, D. M.; Omberg, K. M.; Schoonover, J. R.; Martin, R. Transfer. Decay timesr, of the 3MLCT(MQ) excited state

0.254 B

0.204 B

0.154 \

0.104

o
o

A ye i SRR
2 %w, PSSR

== T “"WQ o

AAbsorbance / Arb. Units

0.054

- LD.; tl\t/lelk;;er, T. Ig.Irl\l/lorg'\./lChemTzojj)ZPALl, G(ghl. 2002 106 4519 were measured from the deacy of the intense’ Mgnsient
atteipaum, D. M.; Meyer, 1. J. YS. em. . . . . .
(39) Mecklenburg, S. L.; Opperman, K. A.; Chen, P.: Meyer, T. Phys. absorption bands, Elgure 1. The valugs are summarized in
Chem.1996 100, 15145. Table 1, together with the corresponding rate constagts,
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Figure 2. Correlation between the rate constépiof the back electron 32107 36x107  40x107  44x107  48x107  52x10
transfer (3) and the solvent donor number. The numbers correspond to the 1T /K’
entries in Table 1. Thiy, values were determined with an accuracy of about Figure 3. Temperature dependence of the rate constgmtf the back
£5%. electron transfer (eq 3) in MeOH, BUCN, and &H. Fits according to eq
4.

(ko = 1/1), and the relevant solvent properties. FILCT-

(MQ) decay times and back-reaction rate constants do notbehavior indicates the presence of two reaction pathways,
correlate with any of the usual solvent parameters such asone of which involves barrier crossing, while the other is
the dielectric constand, solvent function (Ko, — 1/es), or temperature independent, occurring via a weak coupling
the solvent relaxation time. Moreover, the solvent depen- between the MLCT(MQ) excited state and the ground state.

dence of the M@-Re€' rate constant cannot be accounted About 20% of the back reaction follows the temperature-
for by driving force variations. This would, for example, independent channel. The temperature dependence of the rate
require a sharp increase of driving force on going fromyCH constant was also fitted to eq 5, which describes nonadiabatic

CN to chlorinated solvents CIGIBH,CI or CH,Cl,, which electron transfer in the Marcus inverted regfdn.

was not observed. On the contrary, the driving force 5 o

estimated for CHCN is slightly higher than that for CH Vel 5" (AG™ + 4, + mhwy)
Cl,, vide supra. (Note that driving force estimates are most Ko = BT s exp— T
reliable in these two solvents.) Nevertheless, the'MRe! A4l kg T)™ =0 oKe (

dynamics show an interesting dependence on the chemical
nature of the solvent. The time constants increase in the This approach assumes an existence of many reaction
following order: formamides- DMSO ~ MeOH (1.2-2.2 channels, each of which populates a different vibrational level
ns) < THF, aliphatic nitriles (3.23.9 ns) << ethylene- m of the ground-state [Re(MQ(CO)(dmb)F+, Figure 4.
glycol ~ 2-ethoxyethanol (4:24.8 ns)< pyridine (5.7 ns)  In other words, electron transfer activates high-frequency
< MeOCH.CH,OMe (6.9 ns)< PhCN (7.5 ns)< MeNO;, vibrations which accept the excess of free energy released
(8.6 ns) <<< CHCl,, CICH,CHCI (25.9-28.9 ns). A during the reactio®*"® Population of higher vibrational
reasonable correlation was found between the back-reactionevels of the product effectively decreases the driving force,
rate constant and the Gutmann donor nuntB&rDy, see  thus accelerating the inverted reaction, see Figure 4. These
Figure 2. high-frequency vibrations are characterized by a single

The temperature dependence of the back-reaction rateaverage energl;. All other low-frequency intramolecular
constant was investigated in @El,, BUCN, and MeOH, see  and solvent modes are treated classically and included in
Figure 3. Experimental rate constants can be fitted to anthe outer reorganization energy,. The dimensionless
Arrhenius-type equation parametelS describes the average relative structural differ-

ence between the ground and excited statAG° is the
ky = 8o+ 8, eXp(-E/RT) (4)

(42) Riddick, J. A.; Bunger, W. B.; Sakano, T. KOrganic Sobents
. . Wiley: New York, 1986.
that is often used to analyze excited-state decay of polypy- (43) Kahiow, M. A.; Kang, T. J.; Barbara, P. B. Chem. PhysL988 88,

ridine complexed? The apparent activation energ, 2372.

determined in CkLCl, is rather low: 980 cmt. Its value (44) gﬁ;zsetl)géi/viégv%er, G. C.; Johnson, A. E.; Barbara, FClfem.

decreases in BUCN and MeOH to 470 and 2880 cnt?, (45) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, MPhys.
i ; i Chem.1995 99, 17311.

respectively. However’ the fits are Ie§s accurate than i CH (46) Shirota, H.; Pal, H.; Tominaga, K.; Yoshihara,XPhys. Chent996

Cl,. The data in MeOH actually indicate a systematic 100, 14575,

deviation from the Arrhenius-type behavior. The constant (47) Brunschwig, B. S.; Sutin, NComments Inorg. Chem987, 6, 209.
(48) Jortner, J.; Bixon, MJ. Chem. Phys1988 88, 167.

. . 1 .
term a is substantial, ca. 7.% 10° s7* in CH,Clo. This (49) Bixon, M.; Jortner, J. liElectron TransferFrom Isolated Molecules

to BiomoleculesPart |, Advances in Chemical Physics. Vol. 106;
(40) Gritzner, GJ. Mol. Liq. 1997, 73, 74, 487. Jortner, J., Bixon, M., Eds.; J. Wiley and Sons, Inc.: New York, 1999;
(41) Linert, W.; Gutmann, VCoord. Chem. Re 1992 117, 159. p 35.
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probed at 400 nm

Intensity / Arb. Units

Ground state

—

Nuclear coordinate

Figure 4. Potential energy curves describing inverted electron transfer. T g T g T T T
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electron-transfer driving force ande is the electronic

coupling. In this approach, the reaction channels which Figure 5. Comparison of resonance Raman spectra of the ground state

; ; ; and MLCT(MQ) excited state of [Re(MQ(CO)(dmb)E+ in CHzCN.
involve very low vibrational quantan account f.or the Top: MLCT(MQ) excited-state spectrum measured by ps Kerr-gate TR
temperature dependence of the reaction rate while those ak; 500 ps after excitation with a probe wavelength of 600 nm. Middle:

higher m values account for the temperature-independent MLCT(MQ) excited-state spectrum measured by ps Kerr-gateatR00

; ; ; ; ps after excitation with a probe wavelength of 400 nm. The Raman bands
contribution to the reaction rate, Figure 4. (Note that the ocour at 1651, 1608 (sh) 1518, 13541247, 1018, 801, and 725 ¢

relative importance of the reaction channels rapidly dimin- The 1354-cm? peak (marked), that is due to @ MQ(CCerrindd(CCH)/
ishes for highm values because of thel term in eq 5.) »(CC) vibration, experiences the largest shif56 cnt) from its position
: ; ; in the ground-state spectrum. See ref 6 for the assignment. Bottom: Ground-
ACC.eptx";lbIe fits were obtained in GEl; for several state preresonance Raman spectrum, probed at 514.5 nm. See ref 6 for the
combinations of parameteX4, 1o, andhvi. (The values of assignment. An asterisk indicates solvent bands.
AG° and S were kept constant at-2.11 eV and 1.4,
respectively’® A possible small temperature dependéhce 3MLCT(MQ) excited state of [Re(MQ(COx(dmb)E" clearly

of A, was neglected.) By comparing the results, we can shows that the MQ ligand has very different structures in

conclude that the electronic coupliMy is at least 30 cmt the 3MLCT(MQ) excited state and the ground state: planar
but not higher than 500 cm. (Note that the value of 153  quinoidal and twiste& respectively. These structural dif-
cm ! that was founéf for BIQD—Re€' in [Re(BIQD)(CO}- ferences concern namely the dihedral angle between the two

(dmb)J" would fall into this range.) The fits prediét to lie rings and the inter-ring €C bond, see Scheme 1. In

in the range 43165410 cnm* while hv; ranges from 950 to  addition, large structural changes upon-RéQ™ excitation

ca. 970 cmt. For comparisonj, = 3660 cm* andhy; = are demonstrated by the preresonance Raman spectrum of
1625 cm! were determined for the BIQD—Ré€' back [Re(MQ")(CO)(dmb)P* (Figure 5), which shows strongly
electron transfer in CICKCH,CI by emission fitting?® The enhanced bands due to the vibrations of the'™M(@d dmb

data obtained in BUCN are less accurate than those fromligands as well as of the'l) in-phasey(CO) vibration of
CH.Cl,. Nevertheless, the fits to eq 5 show that bajtand the Re(CO) moiety. At the same time, the picosecond time-
hv; are higher in BUCN: 55008000 and~1100 cnt?, resolved IR spectrum of theMLCT(MQ) excited state
respectively. The data measured in MeOH give rather poor (Figure 6) shows that all theg{CO) vibrations occur at much

fits which, nevertheless, indicate still slightly higher values lower wavenumbers in the ground state than in*¥ieCT-

of 1, andhy; than in BUCN. (MQ) excited state;-76 cnt! on the average, indicating a
) . considerable increase of electron density on the Re{CO)
Discussion moiety upon the M@—Ré€' electron transfer. This is con-

Previous spectroscopic studiéhave established thatthe ~Nected with lengthening of the=80 bonds. Moreover, the

SMLCT(MQ) excited state of [Re(M®)(CO)(dmb)R+ can bond angles also change, as is demonstrated by the change
be formulated as [REMQ*)(CO)(dmb)E". The time- of the wholey(CO) spectral pattern, whereby the lower band

resolved resonance Raman spectrum (Figure 5) of thedue to in-plane A and out-of-phase A2) vibrations are split
into two bands whose wavenumbers are quite far apart in

(50) Fitting with a lower estimate &= 0.7 gives values ofiv; between the MLCT(dmb) state but merged in the ground state (see
1200 and 1300 crt but rather highto. It appears that the highest Figure 6).
possible limit forhy; is 1230 cn. A combination of valuesw; >
970 cnt! andS= 1.4 never afforded an acceptable fit. In BUCN, the
highest possible limit fofw; is ~1380 cni™. (52) Busby, M.; Liard, D. J.; Motevalli, M.; Toms, H.; Vi, A., Jr.Inorg.
(51) Derr, D. L.; Elliott, C. M.J. Phys. Chem. A999 103 7888. Chim. Acta 2003 in press.
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MQ—R€' Excited-State Electron Transfer

- - - T T slower in weakly solvating MeN§) and slowest in chlori-

en:;i:ez(ggé FJL nated solvents. This conclusion is supported by the observed
correlation between the rate constant and the donor number,
Figure 2. However, this effect cannot be explained by a
\/ thermodynamic stabilization of the ground state by solvation,
for which there is no electrochemical eviderfiddoreover,

this would increase the driving force and, hence, slow the
reaction down in donor solvents, contrary to the experimental
observation.

In fact, acceleration of the M©@-R€' electron transfer in
strongly donating solvents shows that the stronger solvation
of the electron-transfer product, that is the '[[lREQ ") (CO)-
(dmb)P+ ground state, increases the outer reorganization
energy and the average frequency of the accepting vibration.

Wavenumber / cm’” (Note that an increase @&f and/orhv; decreases the activation
e RenIOCOL I b S o LTy STeIdy In the Marcus inverted egion, wherGr - o
Zig:id-:tate spectrum measured by TRIR a3t 160 pg.after excitation. A S€€ €4 5.) This conclusion is fully supportqd bY the observed
difference between the spectra measured with and without excitation is Sharp drop of the apparent Arrhenius activation energy on

shown. Negative peaks correspond to the depleted ground-state populationgoing from CHCI, to BUCN and MeOH and, especially, by
Positive peaks belong to the MLCT(MQ) state. They occur at 262640, . ’ )
and 1993 cm! corresponding to A1), A'(2), and A’ »(CO) vibrations, analyzing the temperature-dependent rates according to eq

respectively. The~2040-cnmi peak overlaps with the negative ground- 5, vide supra. It has to be stressed that the increasg of
state band. Bottom: Ground-state FTIR spectrum with 2036 and 1931 cm  ith the solvent donor strength reflects changeminecular
bands corresponding to@) and A(2) + A" v(CO) vibrations, respectively. 050 ies of the solvent. It is not related to the usual bulk

: L lectrostatic properties which are characterized by the
The 3MLCT(MQ) excited state decays nonradiatively to © : :
(MQ) exci ¢ SHVEY “solvent function” 1£,, — 1/es. (NO correlation betweeh,

the ground state by a Re' electron transfer on a time ' ; )
d yaMe and the solvent function exists.) The stronger solvation of

scale of 1-30 ns, see Table 1. The rate constant depends onth tionic M ligand in the electron-t ¢ duct [R
the solvent, but the temperature dependence is weak. TheMe Cf 'ggc d b'g"in. md € et'ec ron—l rants er F')Izo' uct (xe
MQ —Ré€!' electron transfer occurs with a large driving force (MQ™)(CO)(dmb)* in donating solvents will increase

(=2.1 eV), deeply in the Marcus inverted region. Analysis structural differences between the MLCT(MQ) state, where

of the temperature dependence of the reaction rate reveaIsMQ. is formally neutral, and the ground state, where MQ

that the MO—Rée' back electron transfer involves both IS a cation with a rather localized positive charge. Better
thermally activated barrier crossing and a barrierless tun- solvation results in larger charge separation in the ground

neling that populates higher vibrational levels of the ground state which, in turn, affects the bonding within the MQ.
state. The time constant of the MGRé' electron transfer I|gand_ and, hence, the average freql_Jency of the accepting
in CICH,CH,Cl is comparable to that of BIQB-R€! in the vibrational mode. This type of behavior seems to be more
MLCT(BIQD) excited state of the analogous complex [Re- general. For example, solvent eff'ects'on the inner reorganiza-
(BIQD)(COR(dmb)J, for which a value of 2532 ns was tion energy anql high-frequency vibrational mo_des were found
determined in ChCICH,CI2® The MQ—Rée' electron also for highly inverted back electron transfer in beta#iés.

transfer occurs with a comparable or slightly higher electronic The co_nclusm_n that molecular solvent properties affet_:t the
coupling, higher outer reorganization energy, and lower dynamu;s O_f inverted electron t_ransfe_r thr_ough the inner
wavenumber of the accepting vibrational mode, vide supra. reorggnlzanon energy apd quantized V|b.rat|on modes could
The larger outer reorganization energy can be caused byhave important implications for developing new means of
stronger solvation changes due to the creation of a positivecontrOI of electron-transfer processes, for example by su-

charge upon the M@-R€' electron transfer, which is rather pramolecular .comple.xatlon. ] ,
localized on the MO pyridinium ring. The smaller size of Finally, an interesting question arises, whether the back

MQ* as compared with BIQD may also contribute. The reaction (3) should better be viewed as an inverted-vRe!
lower wavenumber of the accepting mode can be explained€!€ctron transfer or as a nonradiative decay of a MLCT(MQ)
by a large contribution from the twisting vibration around ©Xcited state. This question is, to some extent, formal since
the MQ inter-ting C-C bond, for which a rather low both these limiting views are conceptually similar and

wavenumber of ca. 240 crhis expected based on vibrational d€scribed by the same formalism, that is the Lanezener

analysis of biphenyl& electron tunneling probability multiplied by the Franek
The rate of the M@—Re' back electron transfer depends Condor_llweighted density of states, which dete.rmines the

on the chemical nature of the solvent molecules, instead Ofprobablhty that the system attains the transition state

bulk solvent parameters. The reaction is the fastest in goodgeomgtrly. In the limiting ?af]e of a n?jnrat(d;anve d decay, the
electron donors, which are known to strongly solvate cations, potential energy curves of the excited and ground state are
not supposed to cross and the decay occurs solely by

Ground state

Absorbance / Arb. Units

T T T T T T T T T T T
1850 1900 1950 2000 2050 2100 2150

(53) Michelsen, H.; Kleboe, P.; Hagen, G.; Stroyer-Hanseicta Chem.
Scand.1972 26, 1576. (54) Zong, Y.; McHale, J. LJ. Chem. Phys1997 106 4963.
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tunneling into high vibrational levels of the ground state, accepting vibrational modes of the ground-state product, that
described by the well-known energy-gap law. Any temper- are made available by the large accompanying structural reor-
ature dependence of the decay rate, if observed at all, isganization and charge redistribution. This case underlines
usually attributed to a thermal population of high-lying, fast- the close conceptual link between an intramolecular electron
decaying excited states. On the other hand, the limiting transfer and a nonradiative decay of a charge-transfer excited
inverted electron-transfer mechanism assumes a multitudestate.

of reaction channels populating different vibrational levels
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