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Methyl viologen (N,N'-dimethyl-4,4-bipyridine, abbreviated M%) is widely used in light-driven molecular
devices, where it switches between the redox formsMahd MV**. Yet, little is known about the excited-
state dynamics of the radical cationic form MV Femtosecond pumfprobe spectroscopy was used to
investigate the excited state dynamics of the electrochemically generatet iN\Acetonitrile solution.
Subpicosecond excitation of theyPD; transition at 730 nm led to rapid relaxation (700 fs), generating two
intermediates in the transient absorption spectra. The longer-lived intermediate, with a lifetime of 16 ps,
could be assigned to a vibrationally excited ground state of'Mlfs absorption spectrum was very similar
to the ground-state spectrum of MVin both shape and extinction coefficients, but red-shifted by ca. 810
cmL. This energy shift equals one quantum of the intraringCCstretch mode. The shorter lived transient
decayed with a time constant of 1400.1 ps and is possibly also a vibrationally excited ground state. Thus,
our results show that the excited-Btate of MV/* in acetonitrile solution relaxes on the subpicosecond time
scale via at least one long-lived € 16 ps) vibrationally excited ground state.

Introduction linked Ru—MV dyad could be switched by an applied bias, and
we proposed that this could be used as a part of a molecular
photosensitive switch. In all these examples excited states of

examples of light-induced electron-transfer reactiinssystems ~ the reduced Mv" may be generated, either via electron- or

mimicking aspects of photosynthetic solar energy convetgion energy_—transfer reacFions or by d_irect excitation of the strongly
and in optical and optoelectronic devices based on its electro-aPsorbing MV species. The excited MV may then undergo
and photochromisth? Viologens are also of interest for ~New reactions. Molecular switches have been constructed based

molecular devices based on switching the acceptor/donor ©n diimides playing a multifunctional role, deliberately involving
function of molecular components. As an example, molecular €xcited states of the reduced diimidestom this point of view
shuttles have been made, in which light-induced molecular the photophysical behavior of the reduced forms, ‘M¥nd
motion occurs due to the change in intermolecular interactions possibly also MV, themselves are important. So far only a time-
when MV2* is reduced to MV".4 Also, we have recently  resolved resonance Raman study of ¥ih water offers some
showr? that, in the excited-state quenching of the important idea about the subpicosecond kinetics of the excited doublet
photosensitizer Ru(bpyd", methyl viologen changes from being ~ state?
an acceptor when in the common form ¥\to a donor when In this paper we report the electronic absorption spectra and
viologen is reduced to MV or MV° prior to excitation. Thus,  the relaxation kinetics of the photoexcited M\tadical cation
the direction of light-induced electron transfer in a covalently on the fs to ps time scale. The electrogenerated-Mwas
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The electron acceptor methyl viologeN,N'-dimethyl-4,4-
bipyridine, abbreviated M%) plays a central role in numerous

10.1021/jp0216023 CCC: $25.00 © 2003 American Chemical Society
Published on Web 01/04/2003



436 J. Phys. Chem. A, Vol. 107, No. 4, 2003 Haupl et al.

tion spectra that were assigned to a vibrationally excited ground
state of MVV*. The possible generation of excited products in
photoinduced electron transfer reactions is often discussed. Our
results show that the excited viologen radical gives readily 4r- i
detectable transients on the time scale 680 ps, which could T
be used to identify excited viologen products. I

Experimental Section

Electrochemistry. Cyclic voltammetry and controlled po-
tential electrolysis were carried out using an Autolab potentio-
stat with an GPES electrochemical interface (Eco Chemie).
The working electrode was a glassy carbon disk (diameter 2
mm, freshly polished) for voltammetry or a platinum grid
for bulk electrolysis, respectively. A platinum spiral in a
compartment separated from the bulk solution by a fritted
disk was used as counter electrode. The reference electrode was
a nonaqueous Ag/Ag electrode (CH Instruments, 10 mM
AgNOs in acetonitrile) with a potential of-0.08 V vs the ol T L
ferrocenium/ferrocene (Fé¢Fc) couple in acetonitrile as an 400 500 600 700 800
external standard. A /nm

The solution was prfepare.d from dry a(?etonltrlle (Merck, Figure 1. Absorption spectra in acetonitrile of the ground-state*MV
spectroscopy grade, dried with MS 3 A) with 0.1 M tetrabu- (dashed line) and of the intermedialtg,, which is assigned to the
tylammonium hexafluorophosphate (Fluka, electrochemical vibrationally excited v = 810 cnt?) electronic ground state of MV
grade) as supporting electrolyte that has been dried at 373 K.(solid line).

The glassware used was oven dried, assembled and flushed with

argon while hot. Before all measurements oxygen was removedheating effects. A slit in the working electrode allowed the laser
by bubbling the stirred solutions with solvent saturated argon beams to pass the cell without being scattered by the grid. In
and the samples were kept under argon atmosphere duringacetonitrile solution no dimerization of the MVwas observed.
measurements. The viologen radical degraded only very slowly during the

Spectroelectrochemical measurements were made in a OTTLE-Xperiments, over several hours, as judged from the decrease
type quartz cell with an optical path length of 1 mm. A platinum i the absorption. In the dark no degradation was observed over
grid with a size of 10x 30 mn? and 400 meshes per éwas at least 8 h. Thus, degradation was light-induced, but obviously
used as working electrode. The counter and reference electrode§ccurred with a very low quantum yield and did not affect the
were of the same type as described above. Samples werdransient experiments.
bubbled for 20 min with solvent saturated argon and transferred
to the argon flushed cell with the argon stream. The spectra
were recorded on an UWis diode array spectrophotometer By exhaustive electrolysis in an OTTLE-type spectroelec-
(Hewlett-Packard 8435) with the background collected on trochemical cell at-1.03 V vs F¢/Fc, all MV2+ was reduced
electrolyte solution in the potential free OTTLE cell. and the characteristic electronic absorption of W\in the

Femtosecond-Pump-Probe Experiments. Femtosecond-  visible region was observed. The spectrum obtained in aceto-
pump-probe experiments were carried out using regenerative nitrile with 0.1 M [N(n-C4Hg)4]PFs, shown as a dashed line in
amplified pulses of a Ti:sapphire laser system (Coherent/ Figure 1, is in agreement with that for the chloride $alt.
Ouantronix, described in detail elsewh&rg20 fs pulse dura- Femtosecond-pumgprobe spectroscopy was performed at
tion, central wavelength 800 nm, 1 kHz repetition rate). The two different pump wavelengths exciting thg-ED; transition
excitation wavelengths of 600 and 730 nmuipulse energy) of MV**: at 600 nm in the maximum of the visible absorption
were generated by doubling the frequency of the signal band and at 730 nm in the lowest vibronic transition of the same
wave of a tunable optical parametric amplifier (TOPAS). The band. Figure 2 shows the transient absorption spectra at 0 and
transient absorption changes were probed by delayed white5 ps after the pump pulse. The initial bleaching feature,
light continuum pulses generated by the fundamental wave corresponding to the bleach of the MVground-state absorp-
(800 nm) in a rotating Cafplate (thickness 5 mm) under magic tion, is overlaid by a broad positive absorption change between
angle polarization and detected either as a lock-in amplified 400 and 500 nm and by a characteristic structure between 550
PMT-signal at a certain probe wavelength or as full spectra and 800 nm. The latter is on the red edge of the 600 nm band
(380—740 nm) with a CCD camera connected to a spectro- of MV** ground-state absorption. The former transient (at-
graph (Oriel). Correction for the spectral chirp in the white tributed to an intermediateyy), giving a shoulder at 460 nm, is
light continuum was done by recording CCD spectra every short-lived and does not appear in the spectrum after 5 ps while
250 fs around zero delay time and reconstructing the true the latter is even more pronounced with absorption maxima at
spectrum. 410, 650, and 700 nm. This relatively long-lived species

Methyl viologen (MV[PF],) was obtained from the com-  (attributed to another intermediatg,)) decays with a time
mercially available chloride salt by L. Sun (Stockholm). The constant of several picoseconds. Traces obtained at some
samples with 0.220.29 mM viologen in argon-purged aceto- informative probe wavelengttis,, after a 730 nm pump pulse,
nitrile were reduced to MV by exhaustive electrolysis at1.03 are shown in Figure 3. The traces were fitted according to a
V vs Fct/Fc in the OTTLE cell, giving an absorption of 6:3 consecutive mechanism (& B — C). At 430 nm, the formation
0.4 at the excitation wavelength (1 mm path length). The cell (r; = 700+£50 fs) and decayf = 1.0+:0.1 ps) of the
was moved vertically during measurements to minimize local intermediatel (1) is seen. At 600 nm, the signal is mainly due
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trace follows the formationz{ = 7004+100 fs) and decay
(za = 16+1 ps) of the long-lived intermediatiy,). Thus the
signal from both intermediates grow in with a c.a. 700 fs time
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Figure 2. Transient absorption spectra of MMn acetonitrile excited
at 730 nm at O ps (dashed line) and 5 ps (solid line) after excitation.
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intermediate (1), 7¢ = 1.0£0.1 ps (see trace a, = 430 nm,
Figure 3, left). Second, there was no dependence of the kinetics
on the wavelength of excitatiorddyc = 600 and 730 nm gave
the same results), which strongly suggests that the formation
time of | (1) cannot be due to relaxation in the excited doublet
statePIMV**. Therefore we conclude that both intermediates
with transient absorption in the visible were products of the
electronically excited doublet state of the methyl viologen radical
cation,PIMV T,

The assignment of the intermediate spedigsand | ) of
reaction 2 is based on the following results. The trace at a probe
wavelength of 600 nm (Figure 3, right) follows the recovery of
the ground state with a fast contribution (78®0 fs), indicating
immediate relaxation from the excited doublet state to the ground
state, and a slow componen§,= 1641 ps, which corresponds
to the lifetime of the long-lived intermediatg). The same time
constants were obtained for the 700 nm trace, whegse
possesses strong absorption, resulting in a positive absorption
change after an initial ground state bleach. At 5 ps after
excitation only the long-lived intermediatgy contributes to
the transient absorption. Since the absorption spectrum of the
MVt ground state is known, one can obtain the spectrum of
I 2) by subtracting the ground-state bleaching. The amount of
ground-state bleach corresponds to c.auR5(1 mm optical
path length) as determined in separate experiments with a
standard. The result is shown as the solid line in Figure 1. It is
a spectrum that very much resembles the visible absorption
spectrum of MV but that is red-shifted by approximately 810
cm~1 over the whole spectral region. This energy shift equals
the quantum of the intraring-GC stretch vibratiod? The molar

Two alternative reaction pathways can be conceived: pathway extinction coefficients are similar, which together with the

1, in which the short-lived intermediatg) is the vibrationally
relaxed, electronically excited doublet st@i#1V*" and is the

precursor of the long-lived intermedialtg,),

hy
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doublet staté@IMV T,
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pathway 2, in which botlhy andl ) are products of the excited

)

similarity in shape indicates that absorption occurs from the
same electronic state (the ground state). Therefore we assign
the long-lived intermediatd ;) to a vibrationally excited
electronic ground state of MV, which is formed from the
excited D-state.

The short-lived intermediatlg;) cannot be an electronically
excited species, since it was formed from the lowest excited
D, state. Instead it could also be a vibrationally excited ground
state, since it is formed with the same time constantgs
However, its unstructured spectrum does not allow an assign-
ment to a certain mode. Because thgdecay did not give rise
to further generation df;;) we believe that the former is excited
in a different vibrational mode that relaxes without energy

Pathway 2 appears to be more reasonable because, first, botkedistribution to the 810 cm mode of thel ;) species.

transients were formed with the same time constant; 6t
700+100 fs, which is slightly different from the decay time of

AAbs/ a.u.

Our transient spectra did not give any evidence for viologen
decomposition or reactions with the acetonitrile solvent, although
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Figure 3. Transient absorption time profiles of MVin acetonitrile excited at 730 nm and probed at 430 nm (left) and at 600 and 700 nm (right).
The inset shows the early time evolution of the profiles at 600 and 700 nm.
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the excited MV should be, e.g., a strong reductant. The low state, and is also attributed to a vibrationally excited ground

photoreactivity can be explained by the very rapid decay of the state. Thus, our results show that the excitgesfate of MV

PIMV* excited state, and the relatively poor electron accepting relaxes on the subpicosecond time scale via at least one

and electron solvating properties of acetonitrile. This is favorable relatively long-lived, vibrationally excited ground state that has

for the possible use of viologens and viologen radicals in a lifetime of 16 ps in acetonitrile solution.

reversible photoresponsive molecular devices. No decomposition or reaction with the solvent was detected
A former resonance Raman stullin which MV** in water in the transients, probably due to the shoit IPetime. This

was excited at 379,5 nm to a higher excited state, an upper limit shows that MV* is rather stable even under excitation, which

of 350 fs was given for the electronically excited-state lifetime is favorable for its use in reversible photoresponsive molecular

of MV**. The population of a vibrationally excited ground state devices. On the other hand, the short lPetime (<700 fs)

with a lifetime of 2 ps was proposed. These results are in generalmakes it difficult to use excitation of MV for deliberately

agreement with ours, and the lifetime differences might be due inducing reactions. Finally, because &xcitation produces the

to the different experimental conditions (solvent, initial excited vibrationally excited MV*, the characteristic spectrum of this

state). In the present study, we could resolve the formation of species can be used to detect possible formation of excited

the vibrationally excited state and determine its electronic products in photoinduced electron-transfer reactions wittFV

absorption spectrum, and in addition observed the parallel as acceptor.

generation of another intermediate with a 1.0 ps lifetime. The _
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