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The excited-state double-proton-transfer (ESDPT) reaction in the jet-cooled 7-azaindole dimer (7AI2) has
been investigated with picosecond time-resolved resonance-enhanced multiphoton ionization spectroscopy.
The observed decay profiles of 7AI2 by exciting the origin and the intermolecular stretch fundamental in the
S1 state are well reproduced by single-exponential functions with time constants of 1.9( 0.9 ps and 860(
300 fs, respectively. This result provides clear evidence of the concerted mechanism of ESDPT in 7AI2.

The proton-transfer reaction is one of the most basic reactions
and plays very important roles in physical, chemical, and
biological systems.1 There have been many spectroscopic and
theoretical studies about the proton-transfer reactions. The
excited-state double-proton-transfer (ESDPT) reactions in the
doubly hydrogen-bonded systems have attracted a great deal
of attention. The UV light may tautomerize the doubly
hydrogen-bonded DNA base pairs that stabilize the double-
stranded DNA helix, destroying the genetic information. Among
the doubly hydrogen-bonded dimers that exhibit ESDPT, the
7-azaindole dimer (7AI2) is one of the most extensively studied
systems as an excellent model of the DNA base pairs.2-16 Since
the first observation of ESDPT in 7AI2 by Kasha et al.,2 the
mechanism of ESDPT in 7AI2 has been an important subject
of the dynamics. Figure 1 shows the two mechanisms of
the ESDPT reaction that have been discussed by several
groups.2,8,9,11-16 In the stepwise mechanism, single-proton
transfer (SPT) occurs from the photoexcited normal form to
the stable intermediate state, which has a zwitterionic structure.
The intermediate-state dimer undergoes a second SPT to
generate the tautomer. On the other hand, in the concerted
mechanism, two protons transfer simultaneously and no stable
intermediate state occurs.

Douhal et al. applied femtosecond pump-probe resonance-
enhanced multiphoton ionization (REMPI) spectroscopy to
investigate the mechanism of ESDPT in 7AI2.8 They measured
the decay profiles by changing the excess energies in the lowest
excited electronic state. The decay profiles were well fitted with
the biexponential functions. Two time constants obtained from
the biexponential decay profiles were ascribed to the SPT
reaction from the normal dimer to the stable intermediate and
that from the intermediate to the tautomer. Fiebig et al. carried
out the femtosecond fluorescence up-conversion and the tran-
sient absorption spectroscopy in the condensed phase.13 Their
observations were ascribed to the stepwise mechanism. Es-

sentially, the same conclusion was derived from the femtosecond
Coulomb explosion experiment in the gas phase.12 On the other
hand, Kasha et al. argued that ESDPT in 7AI2 proceeds via a
concerted mechanism on the basis of the exciton theory.2,15 In
the condensed phase, Takeuchi and Tahara carried out femto-
second fluorescence up-conversion spectroscopy11 and observed
single-exponential decay profiles when the red edge of the
absorption in 7AI2 was excited. They concluded that ESDPT
in 7AI2 proceeds via a concerted mechanism. Thus, the
mechanism of ESDPT has long been controversial.

We measured the UV-UV hole-burning spectra of deuterated
7AI2 in the gas phase.16a The vibronic bands having different
lifetimes were well separated in the UV-UV hole-burning
spectra of deuterated 7AI2. We suggested that the biexponential
decay profiles observed in the femtosecond spectroscopy in the
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Figure 1. Two mechanisms of ESDPT in 7AI2: (a) the concerted
mechanism; (b) the stepwise mechanism. SPT and DPT indicate single-
proton transfer and double-proton transfer, respectively.
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gas phase are due to the simultaneous excitation of vibronic
bands with different lifetimes, since the femtosecond laser pulse
(∼150 fs) used by Douhal et al. cannot excite the single vibronic
state. Very recently, we reported the dispersed fluorescence (DF)
spectra of undeuterated and deuterated 7AI2.16eThe absence of
the stable intermediate state was suggested from the analyses
of the observed intensity ratios of the normal dimer fluorescence
to the tautomer fluorescence, which excluded the stepwise
mechanism. Thus, the vibronic-state-selected time-resolved
study has been anticipated to solve the discrepancies in the
mechanism of ESDPT in 7AI2.

In this communication, we report picosecond time-resolved
REMPI spectroscopy. It is crucial to use the picosecond laser
pulse having enough time and frequency resolutions to inves-
tigate ESDPT in the single vibronic states, because 7AI2 shows
vibrational-mode-specific ESDPT.6 We have found that the
decay profiles of 7AI2 are well reproduced by the single-
exponential functions. The mechanism of ESDPT in 7AI2 is
discussed on the basis of the data obtained from the picosecond
time-resolved experiment.

The experimental setup for picosecond time-resolved REMPI
spectroscopy consists of a linear time-of-flight mass spectrom-
eter and a picosecond laser system.17,18The linear time-of-flight
mass spectrometer consists of differentially pumped two-vacuum
chambers. The sample introduced in the stainless tube was
heated to 373 K by a coiled heater and expanded into the
vacuum chamber with He as a carrier gas. The backing pressure
was 2-3 atm. The pulsed valve (General Valve, series 9, 0.8
mm diameter) was operated at 10 Hz, whose trigger pulse
synchronized with the picosecond laser system (repetition rate
1 kHz) was divided by a homemade divider from 1 kHz to 10
Hz. The ion signal was detected by an MSP detector (El-Mul).
A femtosecond Ti:sapphire laser (Spectra Physics, Tsunami) was
pumped by a diode laser (Spectra Physics, Millennia). The
output pulses from the Ti:sapphire laser were put into a
picosecond regenerative amplifier (Quantronix, Titan) pumped
by a Q-switched intracavity frequency-doubled Nd:YLF laser
(Quantronix, 527DP-H). A half of the amplified output was
frequency-doubled to excite an OPA (Light Conversion, TOPAS
4/400). The output from the OPA was frequency-doubled by a
BBO crystal. The remainder of the amplified output was used
to excite the other OPA system (Light Conversion, TOPAS
4/800). The output from the former OPA was used as the pump
pulse, which excited jet-cooled 7AI2 in the S1 state, and that
from the latter OPA was used as the probe pulse to ionize 7AI2.
The pump and probe pulses were superimposed by a dichroic
mirror, focused by a lens withf ) 300 mm, and coaxially
introduced into the vacuum chamber. The cross-correlation trace
between the pump and the probe pulses was obtained from the
measurements of the photodissociation reaction in acetone. 7AI
was purchased from TCI and was used without further purifica-
tion.

Parts a and b of Figure 2 show the time profiles of the ion
signal intensities of 7AI2 following the excitation of the origin
and the intermolecular stretch fundamental (1σ), respectively.
It should be noted that the intermolecular stretching (1σ) and
bending (1â) vibrations are observed at 120 and 98 cm-1 from
the origin in the fluorescence excitation (FE) spectrum,
respectively.6b,16aThe separation of the two vibronic bands is
22 cm-1. The lifetimes of the 1σ and 1â states must be very
different, because the bandwidths of the two vibrations are
determined to be 10 and 3 cm-1, respectively. To determine
the lifetimes of the two states, it is necessary to use the
picosecond laser pulse which has enough energy resolution to

excite the 1σ and 1â states separately. The time profiles in
Figure 2a and b are well reproduced by the convolutions of the
response functions shown in Figure 2c with biexponential decay
profiles having the short and long time constants, respectively.
In both profiles, the components of the time profiles with long
lifetimes (>30 ps) were observed. The intensities of the decay
components with the long lifetimes strongly depend on the
experimental conditions such as the temperature of the nozzle
and the timing between the pulsed nozzle and the laser pulse.
In the FE spectrum, the broad background signals due to the
UV emission are overlapping with sharp vibronic bands in the
S1-S0 region of 7AI2. The ESDPT reaction is inhibited in the
higher clusters larger than the dimer, because no visible
fluorescence arising from the tautomers of the higher clusters
has been observed. This suggests that the lifetimes of the excited
electronic states of higher clusters are much longer than that of
the reactive 7AI2 dimer. In addition, some vibronic bands were
observed due to the nonreactive 7AI2 dimer near the 1σ band
of 7AI2 in the FE spectrum.6b It was shown that the nonreactive
7AI2 dimer contains a water molecule between the two 7AI
monomer moieties in the S0 and S1 states, but the dissociation
of the cluster in the D0 state caused by REMPI produces the
7AI dimer ions; therefore, the nonreactive 7AI2 dimer having
long lifetimes may be detected on the same flight time as 7AI2.19

If the long-lifetime component essentially contributes to the
ESDPT dynamics of 7AI2, its decay profiles should not depend
on the experimental conditions such as the temperature of the
nozzle and the timing between the pulsed nozzle and the laser
pulse. However, only the short-lifetime component in the decay
profiles shown in Figure 2 is independent of the experimental
conditions. Therefore, the long-lifetime component in Figure 2
has been assigned to the signals originating from the higher
clusters larger than the dimer and/or the nonreactive 7AI2 dimer.
Thus, the two time profiles due to 7AI2 are well reproduced
with the single-exponential decays. The best-fitted time constants
for the zero-point level and the 1σ state obtained from Figure
2a and b are 1.9( 0.9 ps and 860( 300 fs, respectively.

Douhal et al. observed the biexponential decay profiles of
7AI2 in the S1 state with the femtosecond pump-probe

Figure 2. Decay profiles of 7AI2 pumped at (a) the origin and (b) the
intermolecular stretching band, respectively. The wavelength of the
probe laser was fixed at 620 nm in parts a and b. The open circles are
experimental data, while the solid curves are best-fitted curves obtained
by biexponential functions. The cross-correlation trace is also indicated
in part c. The instrumental time resolution given by the fwhm of the
cross-correlation trace is 2.7 ps.
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experiment under the jet-cooled conditions.8 They assigned the
fast and slow decays to the SPT reaction from the normal dimer
to the intermediate and that from the intermediate to the
tautomer, respectively. Thus, they concluded 7AI2 undergoes
ESDPT by a stepwise mechanism. However, it is known that
ESDPT in 7AI2 occurs in a highly vibrational-mode-specific
fashion; the excitation of the intermolecular stretching vibration
enhances ESDPT, but the intermolecular bending vibration
suppresses ESDPT.6 Therefore, the decay profiles of 7AI2 in
the S1 state should depend on the excited vibronic state.
Actually, the decay time of the intermolecular stretching
vibration is about twice faster than that of the zero-point level.
This result is consistent with the promoting character of the
intermolecular stretching vibration.

We carefully measured the FE spectrum of 7AI2 with the
nanosecond laser pulse and obtained a bandwidth of the origin
band of 2.7 cm-1, providing a time constant ofτ0-0 ≈ 2 ps.16e

However, the time constants ofτ ≈ 650-660 fs, which were
obtained by femtosecond experiments for the nearly no excess
energy in the S1 state, were ascribed to SPT from the normal
form to the intermediate state.8,12 The time constants obtained
from the femtosecond experiments are contradictory to the
bandwidth of the origin band in the FE spectrum, because it
should be much broader than 2.7 cm-1 if SPT really occurs on
a time scale of 650-660 fs. In contrast, the time constant (1.9
( 0.9 ps) obtained by the picosecond experiment is in good
agreement with the bandwidth of the origin band. The time
constants ofτ ≈ 650-660 fs obtained from the femtosecond
experiments in the gas phase agree withτ ) 860( 300 fs within
the experimental errors, which correspond to the decay of the
1σ state from the picosecond experiment. Thus, the comparison
of the data from the femtosecond and picosecond experiments
indicates that the biexponential decay profiles obtained by the
femtosecond experiments may be due to simultaneous excitation
of the origin and the 1σ state with different lifetimes. We should
note that the relative contribution of the component with a time
constant ofτ ≈ 650 fs in ref 8 is very small when the excess
energy is nearly zero. We infer that the origin band was
dominantly excited by the femtosecond laser pulse when the
frequency of the laser was tuned to the origin, but the 1σ state
might be weakly excited by the blue-edge region of the laser
profile in the femtosecond REMPI experiment, providing the
biexponential decay profile.

The decay profiles of 7AI2 fitted with the single-exponential
functions observed in this study indicate that no stable inter-
mediate state exists in the ESDPT reaction, supporting the
concerted mechanism of the ESDPT reaction. In addition, we
showed that the H/D kinetic isotope effects measured by
detecting the DF spectra of 7AI2 could not be well explained
by the stepwise mechanism.16e

The final conclusion derived from a series of our frequency
and time domain experiments is that the lowest excited electronic
state of 7AI2 undergoes the ESDPT reaction by the concerted
mechanism.
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