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The nuclear reorganization energy involved in electron transfer 1-
is typically separated into outer-sphere (solvent) and inner-sphere D\\\ _/ //T|
(molecular normal coordinate) terrh§hat rates of electron transfer C\Rf)po R\ _ E)/\ %R/c
(ET) could be controlled by solvent dynamics was first suggested /0**5' _%{'__N/ \ —Af—c/ u"%\
in 19802 Since then, the relationship between electron transfer and 7\’04'5\ 5% " 55 \‘%/\\
solvent dynamics has been the subject of a substantial theotetical "'/"“‘H'Qo’_\& )_oﬁr N
and experimental effoft.” Still, there are relatively few experi- r
mental systems where the relationship between ET and solvent
dynamics has been demonstrated cle&rfyAll of these involve L Nf”:\_"mg N/: N N/’=\}_C"
ultrafast laser excitation/probe methods. In the present communica- N/ : \_/ N Y/
tion, we report the determination of very fast rates of intramolecular 1 5 3 on 4

ET by steady-state measurement of the infrared (IR) line shape of
vibrational spectra of intervalence charge-transfer complexes. We
show that rates of ET are controlled by solvent dynamics and that
they scale clearly with solvent relaxation times determined by - st’

c\‘-‘fh

Figure 1. Pyrazine-bridged dimers of trinuclear ruthenium clusters. The
singly reduced oxidation states are mixed-valence charge-transfer complexes.
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Maroncelli and co-workers. r<
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We previously reported the measurement of rates of ET in the _// >n WN%H >_5%

| T
complexes {RusO(OACk(L)(CO)} 2(u-p2)I* (where L= 4-(di- \035"/‘%1(5 5%’ % 7 é;_&’\“\“:g“’x
methylamino)pyridine, pyridine, 4-cyanopyridine; andzyra- L= L L ’ L

zine), Figure 1, by coalescence of IR line shapes. Figure 2. Electron transfer in the-1 state is a symmetric self-exchange

To observe coalescence of vibrational bands in IR spectra, ratesbetween two isomers with the charge fluctuating from one side to the other.
of chemical exchange must be on the time scale of cH-1®'?

s 11011 The dynamic exchange observed in the singly reduced N~
intervalence charge-transfer complexes occurs between the two
equivalent charge distributions related by ET from one trinuclear THF

cluster to the other via the pyrazine bridge, Figure 2. Simulation
of the extent ofv(CO) band coalescence can be used to estimate
the ET rate constanés!0

The IR spectra of the complexds-412 in their intervalence /
charge-transfer1) states in different organic solvents show that CH,Cl, / \
the extent of coalescence and the calculated ET rates are highly / T
solvent-dependent. Thel oxidation states were prepared in situ - ~
using a custom low-temperature reflectance IR spectroelectrochemi- / \
cal cell}® and all solutions contained 0.1 M tetrabutylammonium / \
hexafluorophosphate as supporting electrol§tBigure 3 shows CH;CN | \
examples of»(CO) IR line shapes of2~ in tetrahydrofuran, / e
methylene chloride, and acetonitrile. The differences are striking.
The rate constants for ET ifi, 2=, 37, and4~ were determined
in seven solvents. Methods of calculating ET rate constants were Veo (Cm'l)
reported previously.The results are summarized in Table 1. The Fjgure 3. Solvent dependence of line shape coalescenge.im different
ET rate constants bear no relationship to static dielectric constantssolvents, a clear difference in the extent of line shape coalescence is
of the solvents studied. However, our data show a strong correlation observed.
with characteristic solvent relaxation times measured by Maroncelli
and co-workers in time-resolved fluorescence experiments on achieve 1/e of its original value. It is considered to represent an
Coumarin 153. The best comparison is between our ET lifetimes Overall time scale for the decay of the solvent respdridee solvent
(ker™1) and the solvent relaxation tima,, Figure 4. The timetye, response timeg, and[#Care also compared to our exchange times

is that required for a time-dependent spectral respoBg8, to (ker™) in Table 1. They emphasize the short- and long-time
behaviors of the solvent response, respectiVéiyappears that the
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Table 1.
solvent 1 (ker ™) (ps) 2 (ker ™) (ps) 3 (ker ™) (ps) 4 (ker ) (ps) 7o (ps)’ tie (pS)’ @ps)’ €

acetonitrile 0.35(5) 0.38(5) 0.72(10) 0.91(12) 0.12 0.15 0.26 35.94
methylene chloride 0.50(5) 0.57(5) 0.72(12) 0.91(11) 0.25 0.38 0.56 8.93
dimethylformamide 0.67(12) 0.77(15) 0.91(10) 1.0(2) 0.38 0.67 0.92 36.71
tetrahydrofuran 0.83(15) 0.95(15) 1.0(2) 1.0(2) 0.43 0.7 0.94 7.58
dimethyl sulfoxide 0.77(10) 0.87(14) 1.1(1) 0.40 0.9 1.79 46.45
chloroform 1.5(2) 1.8(2) 1.9(1) 2.0(2) 0.71 2.3 2.8 4.81
hexamethylphosphoramide 1.5(2) 2.2(2) 2.5(2) 3.3(3) 0.70 5.9 9.9 29.30

o 2 the complex with the slowest ET rate$ (the rate does not appear

& to be solvent-dependent in the solvents with the shortest relaxation

g . N times. This may be an indication of a transition from solvent control

E= o to inner-sphere control of ET rate, and further studies are underway

gn : & to elucidate this point.
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spectroscopic chromophore and experimental conditions. Since our
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charge transferred is probably not that of a full electron, while in
Coumarin 153 excitation results in transfer of virtually an entire
electronic charge. Our experiments are performed in the presence
of supporting electrolyte under electrochemical conditions, and the
chromophore is a ground-state monoanion, not a charge-separated
excited state.
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