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The dynamics of double proton transfer in 7-azaindole (7-Al) dimers, a model DNA base pair, are investigated
in real time using femtosecond transient absorption and fluorescence upconversion techniques. In nonpolar
solvents we examine the isotope effect, the excitation energy dependence, and the structure analogue of the
tautomer (7-MeAl). A detailed molecular picture of the nuclear dynamics in the condensed phase emerges
with the relationship to the dynamics observed in molecular beams: Following the femtosecond excitation
there are three distinct time scales for structural relaxation in the initial pair, proton (hydrogen) transfers, and
vibrational relaxation or cooling of the tautomer. The molecular basis of tunneling and concertedness are
elucidated by careful examination of the isotope effect and the time resolution. Comparison with the results
in the isolated pair indicates the critical role of the-N and N--N nuclear motions in determining the
effective potential, and the thermal excitation in solution. Because the barrier is srhalkcal/mol, both

are important factors and experiments at much higher energies will be unable to test either tunneling or
concertedness. Finally, we compare the experimental results and the dynamical picture with detailed ab initio
and molecular dynamics simulations.

I. Introduction SCHEME 1

Because of its unique energy and directional force, the
hydrogen bond plays a central role in a wide variety of chemical
and biological phenomena with characteristics beyond those of
the covalent bond. One such characteristic is the tautomerization
involving two or more hydrogen bonds. Since the discovery in
1953 of the structure of the DNA double helix by Watson and
Crick,! this aspect of tautomerization as a cause of mutation in
DNA hydrogen-bonded base pairs have been the subject of
numerous studiesThis cause of errors (mutagenesis) in DNA
replication is similarly considered for photoinduced proton-
transfer reactions. The theoretical description is based on
prototype models of quantum tunnelib@&xperimental studies
of model systems are desirable for the aim of understanding
the fundamental elementary steps of multiple proton transfer
in complex molecular networks.

Pair Tautomer

Excited-state proton transfer in 7-Al dimers was first reported

) o . by Taylor, EI-Bayoumi, and Kashaln subsequent investiga-
7-Azaindole (7-Al), a bicyclic aza-aromatic molecule, has @ ons “Ingham et & studied the effects of temperature and

number of interesting properties. It is isoelectronic with purine geyterium substitution which enabled them to estimate the
and has a close relationship with the nucleic bases adenine angharier height for proton transfer (1.4 kcal/mol) and suggest that
guanine. Furthermore, 7-Al forms dimers (Scheme 1) which guantum mechanical tunneling is involved, at least at low
show structural similarities with the adenine-thymine (A-T) and temperatures. Since then, much wok has been done and in
guanine-cytosine (G-C) base pairs in DNA; all three complexes different solvents. The work by Itoh and co-workers in solution
are joined by two (or three) hydrogen bonds. Consequently, 7-Al provided information about some important properties of the
is a unique model system for photoinduced double proton- tautomer ground state of both 7-Al dimer and monomer species;
transfer processes in biological systems. Moreover, this dynam-the ground-state tautomer lifetimes of 17 and 49 were

ics of multiple, hydrogen-bonded systems is also important to obtained for dimer and monomer, respectivélgtudies were
the understanding of time scales in molecular recognition and also made in matrices at 4.2 K by Ingham et’ and in
supramolecular chemistty. supersonic-jet expansions by Fuke et al. and Nakayuma et
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al1?14 The work by Fuke et a® suggested two dimer SCHEME 2
structures, one reactive (i.e., undergoing proton-transfer reac-

tions) and another nonreactive. An important conclusion was

that the proton transfer is coupled to the-N---N stretching

vibration in the hydrogen bond.

Time-resolved studies on the picosecond time scale began
with the work of Hetherington et a.who found that the transfer
takes place on a time scale shorter than 5 ps. They suggested
two tautomerization pathways, a direct one from nonequilibrated
dimers and an indirect pathway from thermally equilibrated
dimers. With the aid of improved subpicosecond time resolution fluorescence upconversion. In both studies the authors were able
(~0.3 ps), Share et af.were able to obtain the time constant to resole a 1 psdecay component and a 1 ps rise component
of 1.4 ps for the protonated and 4.0 ps for the deuterated specieswhich gives the effective rate of the formation of the tautomer.
It was suggested that another channel, forming the ground-statdn addition, we have also observed a slower 12 ps rise
tautomer, is operative on the time scale of the laser pulse width. component in the tautomer fluorescence and a significant isotope

With femtosecond (fs) resolution, we reported our first study €ffect. In solution, however, one must consider the influence
of the tautomerization dynamics of 7-Al dimers in a molecular ©f the solvent on energy redistribution and vibrational relaxation,
beam using femtosecond-resolved mass spectrorfefiie andthe major d|f_f|culty of the isotopic exchange with residual
results, which were obtained for different available energies and Water of the environment. _
isotopic composition, showed the time scales for the transfer I this paper, we give a full account of our experimental and
in the isolated pair and a striking isotope effect, even when the theoretical studies of double proton transfer dynamics of 7-Al
vibrational energy was near zero in the dimer; the vibrational dimers in solution, with a comparison of earlier gas-phase
and rotational temperatures in the molecular beam are very low, Studies. Armed with studies of both transient absorption and
typically 10-20 and 2-5 K, respectively. Accordingly, we  fluorescence upconversion on the femtosecond time scale we
suggested tunneling with the process occurring in a two-step investigate the effect of isotopic substitution (using a new
mechanism: the first proton transfer takes places on a time scalgn€thod for 7-Al) and the excited-state dynamics of 7-MeAl
of a several hundred femtoseconds, whereas the second protofScheme 2), an analogue of the tautomer.
transfer is slower, occurring on the picosecond time scale. It ~ Finally, we report ab initio calculations of the reaction
was pointed out that the issue of concertedness must bePathways along both proton coordinates in the base pair to
addressed by Considering (at |east) a two-dimensional energyelucidate the nature of reactive intermediates and transition
surface to account for the both Symmetric and asymmetric states. The paper is structured as follows: In section I, we
nuclear motiond’ Folmer et all8 in an elegant set of experi- describe the experimental techniques, sample preparation and
ments involving the technique of Coulomb explosion, arrested the synthesis of deuterated 7-Al and 7-MeAl. The experimental
the intermediate. They found that the intermediate is formed in results are presented in section IlI, followed by the discussion
~700 fs and decayed on the picosecond time scale, in agreemeni section V.
with the study made in this laboratory using femtosecond-
ionization mass spectrometty The results of refs 17 and 18 |l. Experimental Section

are also consistent with the photoelectron studies by Lopez- A Femtosecond Fluorescence Upconversiofihe fluores-

Martens et at? as discussed below. cence upconversion experiments were performed with a setup
Theoretical studies of isolated 7-Al were also reported by which is shown schematically in Figure 1A. The system consists
several groups. Douhal et #lcarried out ab initio calculations  of a femtosecond Ti:sapphire oscillator coupled to a regenerative
reporting the presence of an intermediate in the excited state Ofamp”fier which generates 90 fs, 0.6 mJ light pulses. The pulses
the dimer. Guallar et &t performed ab initio calculations and  are centered around 798 nm at 1 kHz repetition rate. A beam
concluded that an asymmetric geometry corresponding to asplitter was used to divide the light beam into the excitation
highly localized excitation in the ;Sstate results in stronger  and gating branches wita 4 to 1ratio. The excitation pulses
hydrogen bonds and thus is energetically more favorable. Both were tripled to yield 266 nm pulses using two 0.2 mm BBO
of these results are consistent with a nonconcerted reactioncrysta|s_ These pulses were subsequently compressed, using two
mechanism. Guallar, Batista, and Miféprovided the first silica prisms to compensate for group velocity dispersion, and
dynamical calculation using full quantum and semiclassical focused into the sample.
methods. As discussed below, they show that in the isolated The sample flowed through a jet. This arrangement was
molecule (dimer) the double proton transfer sequential introduced to minimize the effects of laser-induced photochem-
involving two steps; the concerted route is relatively much jstry. We have found that it is advantageous to use a jet because
higher in energy. The wave packet motion in the space of the the photoproducts tend to form a film on the quartz windows
proton displacement and intermonomer symmetric coordinatesof the flow cell; the film is highly emitting in the region of
indicates that théirst proton transfer (with tunneling) occurs  interest. Typically, the energy of the excitation pulse at the
in time steps of about 200 fs; there are nuclear relaxations andsample was-30 nJ. At these energies, the fluorescence signal
reorganization which occur on the 100 fs time scale. Addition- from our Samp|es was |inear|y dependent on the excitation
ally, two significant points were made: First, the finding that intensity. To examine the population dynamics, the polarization
the intermediate is mostly covalent in character, i.e., not of the excitation light was set at the magic angle with respect
zwitterionic, and second, that the initial excitation is dominantly to that of the gating pu|se_ We also studied Carefu"y the behavior
a HOMO-LUMO (L) transition localized on one of the  of the signal in (], ||) and (|, 0) configurations to examine the
monomer sites. role of the anisotropy. The experiments with excitation wave-
In solution, studies of 7-Al were carried out by Takeuchi et length at 310 nm were carried out using an optical parametric
al?324 and by us® using the technique of femtosecond amplifier (OPA).

Tautomer Analogue (7-MeAl)
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e _ light. The response function of the apparatus is limited only by
Oscillator .-:4 Stretcher |-] Femtosecond Laser Amplifier s+ Compressor HERIN the 90 fS pulse W|dth

The three beamsexcitation probe and reference were
e focused into the sample with a quartz lefiss( 10 cm), but

only the excitation and signal beams were overlapped in the
sample which was flowed in the 1 mm quartz cell. After the
sample, both signal and reference beams were focused into a
monochromator and detected using silicon photodiodes (PD2,
PD3) which are capable of recording separately each laser pulse.
The chopper in the excitation beam was used to block excitation
of the sample for measuring the background optical density,
while photodiode PD1 was used to monitor the energy of the
excitation beam.

Delay Line Typically, it was possible to measure changes of optical
<7 density on the order of 10, after averaging the signal from
~1000 pulses for each delay position. All experiments were
carried out at room temperature. Using the filtered white light

Crystal

Femtosecond Laser continuum, experiments were carried out for different probe
Cdep3 Oscillator / Amplifier wavelengths. The signal was recorded as a function of delay
) P times and processed with a computer-aided interface arrange-
oz - ]2 , : ‘ ment.
Optical Parametric Amplifier B C. Steady-State Absorption and Fluorescenc&teady-state

absorption spectra were measured using Cary 50 (Varian Inc.)
Delay line spectrophotometer. Typically, a 0.1 mm quartz optical cell was
used. The fluorescence spectra~af0~2 M solutions of 7-Al
Contimuum were recorded on Fluoromax-2 spectrophotometer in an ar-
cell rangement where front surface illumination and detection were
used. The fluorescence of monomer 7-MeAl was measured in
a 1 cm quartz cell using a standard detection configuration.
D. Sample Preparation and Characterization.7-Al (98%
purchased from Aldrich Inc.) was purified by vacuum sublima-
Figure 1. (A, top) The experimental arrangement for the femtosecond tion. The solvents, 3-methylpentane (from Aldrich Inc.), diethyl
fluorescence upconversion measurements. (B, bottom) Experimentalether (from EM Industries Inc.), and chloroforgn{from
arrangement for femtosecond transient absorption measurements. Cambridge Isotope Laboratories Inc.), were dried according to
known procedures and distilled before use. As reported edtlier,
The sample fluorescence was collected and focused into aupon laser excitation, 7-Al forms some photoproducts which
nonlinear crystal (0.2 mm, BBO, type 1) using reflective optics. tend to stick on the surface of the cell. Accordingly, the
The gating pulse was time delayed and also focused into thefluorescence upconversion experiments were carried out in a
nonlinear crystal to overlap with the sample fluorescence. The jet system containing only Teflon and glass parts. For the
resulting sum-frequency signal in the UV region was filtered transient absorption measurements we used a quartz cell (1 mm)
using a double monochromator and detected with a photomul-which was moved slowly in the plane of the laser focus for
tiplier tube. When necessary, the signal was also normalized tofresh exposure of the sample. Additionally, all experiments were
the energy of the excitation pulse. The temporal response carried out in a dry argon atmosphere to protect the sample
function of the pulses and detectiomi800 fs. Since the pulse ~ from atmospheric moisture and oxygen. The purity of 7-Al was
width is 90 fs, the resolution is only limited by the detection Cchecked by mass spectrometry and high-performance liquid
system. The signal was monitored for different delay times and chromatography (HPLC). No evidence of impurity was found.

processed with a computer-aided interface arrangement. E. Synthesis of the N-deuterated 7-Al and 7-MeAl.A
major and serious problem in the study of the deuterated species

B.t_Femtosec_ond tTranS|ent Afbsorptc;on._'lt':e trar13|ent ﬁbh . in solution is the exchange of deuterium with residual water in
sorption experiments were performed with a Setup Which 1S y,0 ayironment (moisture in solvent, optical cell etc.). Thus, a

shown schematically in Figure 1B. The femtosecond system, \o|atively low N-deuterated 7-Al is not a problem in mass
which generates 90 fs, 0.6 mJ light pulses, is similar to that ghecirometric studies as the femtosecond dynamics can be
described above, but the experimental arrangement is entirelycarried out solely for the selected species. In solution it is
different. The pulses from the amplifier were divided into two  important to achieve high exchange yields because the measure-
parts wit a 5 to 1ratio. The weaker beam was employed for - ment involves bulk species. The following new procedure for
generation of white-light continuum to serve as probe light. The 7-A| offered an exchange yield 95% or higher.

continuum was generated by focusing thed(ulses into a 1 The conversion of 7-Al into its Ndeuterated derivative-7-

cm Watel’-ﬂOW Ce”. The Continuum I|ght was then CO||imated A| was Car”ed out under an atmosphere Of dry argon us|ng
using quartz optics and divided by a 35/35 broad-band beam schienk tubes and glassware that was flame dried with a Bunsen
splitter into theprobeandreferencebeams. The stronger beam  purner prior to use. In a typical procedure, a solution of 1.0 g
was used to pump the OPA. The output from the OPA was (8.71 mmol) of 7-Al in 40 mL of ether was treated slowly with
frequency doubled two times to produce excitation pulses in 320 mg (13.3 mmol) of sodium hydride. After the resulting
the UV region (320 nm). The polarization of the excitation light suspension was stirred for 2.5 h at room temperature under
was set at the magic angle with respect to that of the probe slightly reduced pressure, 5 mL (250 mmol) of deuterium oxide
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(isotopic purity 99.9%) was added. The organic layer was
separated, washed once with 3 mL of deuterium oxide, and dried
over anhydrous magnesium sulfate. The colorless supernatant
was filtered and the filtrate was concentrated to ca. 4 mL in
vacuo. After the concentrate was cooled td’@©, colorless
crystals precipitated which were filtered and dried in vacuo.
The'H NMR spectral analysis (300 MHz, CDg}lrevealed an
isotopic purity of~95%.

The sample 7-MeAl (7-methylH-pyrrolo[2,3b]pyridine)
was obtained and purified as described beféehe purity was
checked by TLC andH NMR spectroscopy.

F. Treatment of Data. The femtosecond transients were
analyzed using a least-squares fitting program. To account for
the finite experimental response, the exponential decay terms
were convoluted with a Gaussian response funcg@h. The
resulting time-dependent signg(t) is given by

t
=3 c J ., 9@ explt — 7)/z] dt @ /o
I Figure 2. Steady-state absorption and fluorescence spectra (excitation
which can be solved analytically to give at 320 nm) of (a) 7-Al (2x 102 M) and (b) 7-MeAl (10* M) in
3-methylpentane.
o\?2 t o t
sH=5 coexg|—| ——|[1—erf[——-]] @ 0010
. 21, T 2t o

wherec; is the amplitude of the component with decay time
ando is related to the fwhm of the excitation pulse=€ fwhm/
1.6651). Equation 2 was used to analyze both the decay (positive
¢i) and the rise (negativg) components. The quality of the fits
were judged using thg? criteria.

Ill. Results

A. Steady-State Spectra: Absorption and Fluorescence.
All experiments were carried out for a 7-Al sample concentra-
tion of cg = 20 mM, corresponding to an actual dimer
concentration [D] of 8.9 mM. The ratio of the dimer to monomer
concentration is 4 because the association constant in 3-meth-
ylpentane at room temperaturekis= 1800 M%7 for 2M < D
one can calculate [D] fronk = [D]/(co — 2[D])2 Since both
the dimer and the monomer absorb in the same wavelength
region, the absorption band between 250 and 320 nm (Figure
2a) is a superposition of the two species. However, since the
dimer absorption is more red-shifted, the dimer can be pre-
dominantly excited at 320 nhThe fluorescence spectrum of
7-Al exhibits two broad and structureless emission bands. The
strong band extends from 420 to about 600 nm, in nonpolar
solvents and has a maximum at 480 nm. It has been shown to
arise from the tautomér® The second band, extending from
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290 nm and up te~430 nm, is mainly due to emission from
the 7-Al monomer, on the nanosecond time scale.
Figure 2b shows the absorption and emission spectra of

Time (ps)
7-MeAl—see Scheme 2. In contrast to 7-Al, there is a broad rjq,re 3. Femtosecond transient absorption of the 7-Al dimer in

absorption band around 380 nm which corresponds to the S 3.methylpentane, probed at four different wavelengths. The excitation
— S transition. The fluorescence, however, is similar to the was at 320 nm. Upper panel: short time range, lower panel: long time

tautomerfluorescence of the 7-Al dimérlt is worth noting range.

that there is a large Stokes shift between the absorption and the

emission in 7-Al, indicating a substantial molecular reorganiza- wavelengths with excitation at 320 nm in 3-methylpentane. All

tion due to proton transfer. As discussed below, the tautomer transients are dominated by the excited-state absorption (positive

molecular structure and excitation are distinct from that of the absorbance) and not the stimulated emission. The transient

monomer; for 7-Al, the hydrogen is on the pyrrolic nitrogen absorption decays with the following general components:

(five-membered ring) while in the tautomer it is on the pyridine = 1.2+ 0.4 ps, a slowet’ = 15 £+ 5 ps; any residual signal

nitrogen (six-membered ring). represents a background of the nanosecond decay component.
B. Femtosecond Time-Resolved Absorptionn Figure 3, For all transients of the different wavelengths we used the same

we show the transient absorption of 7-Al at different probe t andt' but varied the amplitudes. The amplitude of the 1 ps
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Figure 4. Effect of deuterium substitution on the transient absorption
of the 7-Al dimer in 3-methylpentane, probed at 440 nm. The excitation
was at 320 nm. Upper panel: short time range, lower panel: long time
range.

. Ager= 440 nm
decay component is larger at longer probe wavelengths and

vanishes at 394 nm. In contrast, the amplitude of the 15 ps
component is relatively constant over the range of the probe
wavelengths used. The absorption at 394 nm exhibits a rise of
350 fs, while at longer probe wavelength the rise is within our

time resolution. The above analysis is made independent of a

c Lde(=480 nm

Upconverted Fluorescence Signal (a.u.)

short time:

model and simply according to a function which, with time, I %
rises and decays (withandz’ and the nanosecond component).
The effect of isotopic substitution on the transient absorption
dynamics at 440 nm is demonstrated in Figure 4. It is evident
that both the rise time of the absorption and the subsequentFigure 6. Femtosecond fluorescence transients of 7-Ahihexade-
decay time are significantly lengthened by the deuteration; the ¢ane, for three different detection wavelengths. The insets show an

0 5 10 15 20 25
Time (ps)

analysis of the data in terms of the exponential rise and enlargement of the short time range. The excitation was at 266 nm.

exponential decay yields a rise time of 280100 fs for the

deuterated species compared to 130 fs rise (limited by responsefhoWn later, a smaller femtosecond component could also be
in nondeuterated 7-Al. The decay timehanges from 1.2 ps ~ Present. When the detection was at 440 nm, the observed
to ~ 5.0 ps; the larger time constaritappears in the figure to transients give the apparent superposition of the signals at 360
be similar. and 480 nm.

To investigate the role of the excited state dynamics of the The effect of isotopic substitution was also studied. The
tautomer we measured the transient absorption of the tautomedeuterated 7-Al d-7-Al) was investigated under the same
model compound, 7-MeAl, excited at 320 nm (Figure 5): The conditions. The fluorescence at 360 nm is substantially influ-
analysis of the data indicates that the transient absorption risesenced by the deuteration: the time constant changes from 1 to
within our time resolution and then decays with approximately 5 ps. In contrast, the rise of the tautomer fluorescence shows
25 ps time constant. There is also a residual background. Recallan apparent less of a change: as shown in Figure 7, the 1 ps
that the lifetime of the tautomer is 3.2 B€learly, the transient ~ component changes to 1.4 ps upon deuteration, whereas no
absorption does not exhibit a major ultrashort decay componentsignificant change in the 12 ps time constant could be observed.
as observed in the 7-Al dimer. However, as discussed below the deuteration is critical both in

C. Femtosecond Time-Resolved FluorescencEigure 6 terms of the real concentration df7-Al dimers in the sample
shows the fluorescence transients of 7-Alnifhexadecane at  and the dynamics. Finally, a comparison of the transient behavior
three different emission wavelengths with the excitation at 266 at two different excitation wavelengths is made in Figure 8.
nm. For 360 nm detection (Figure 6a), we obtained a decay Upon decreasing the excitation energy (from 266 to 310 nm)
with a 1 pstime constant. For 480 nm detection, we observed the amplitude of the 12 ps component decreases. In what
a biexponential rise (Figure 6¢). The short-time component of follows, we shall referd a 1 and 10 ps component without
the rise is~1 ps and the long-time componentsl2 ps. As giving the actual values simply to signify the time scale.



7424 J. Phys. Chem. A, Vol. 103, No. 37, 1999 Fiebig et al.

Excitation: 266 nm less sensitive to the isotope substitution, reflects solvation/

L vibrational cooling following the transfer, as discussed below.
o —o— deuterated 7-Al The key question then is the following: what is the time scale

-t —* non-deuterated 7-Al for the transfer of thdirst proton? We have examined very

carefully the rise of the transient absorption, which must reflect
the dynamics of the initial state(s) of the system, and observed
the isotope effect shown in Figure 4. If the signal is due to the
initial dimer we expect no isotope effect on the rise time and
both transients should rise within our time resolution. Accord-
ingly, the first proton transfer occurs in 280 & 7-Al), in the
small-barrier regime. Note that we excite at 320 nm with no
significant excess energy (other than thermal) and any dynamics
must involve a barrier if present. Excitation at higher energy
increases the “above-the-barrier” crossing, as discussed below.
B. The Tautomerization Model. Guided by the above
results, we first give a phenomenological kinetic description of
) ) ) ) ) the processes, keeping in mind that the actual landscape of the
0 5 0 15 20 25 30 potential energy surface (PES) is multidimensional and that
Time (ps) different trajectories must be considered; in subsection C, we
Figure 7. Effect of deuterium substitution on the femtosecond- diScuss the nuclear dynamics.
fluorescence transients of 7-Al in hexadecane, detected at 360 and 480 After preparation of the system near the bottom of the excited
nm. The excitation was at 266 nm. Results for both 7-Al drttAl pair potential, the first transfer, leading to the intermediate
are shown. structure |, whose identity will be discussed below, occurs on
the fs time scalekj). Subsequently, the second proton moves
—e— 266nm on a 1 pgime scale ), forming the final tautomeric structure.
F¢—o= 310nm However, this structureT() is vibrationally (and perhaps even
[ A = 480 NM electronically) excited in a nonequilibrated state. The relaxation
process takes place within tens of picoseconds. If the initial
excitation is much above the barrier, then in addition to the
two steps involving the intermediate we expect that the transfer
from the pair to the tautomek) becomes significant. When
the excess energy becomes much above the barrier, the reaction
will exhibit barrierless rates unless vibrational relaxation is very
efficient to bring the system to lower energies.
In actuality, a family of trajectories are made possible for
oV the reaction with the partition between | and T determined by
L L . L . L . the barrier height(s) of P to T and by the lifetime of IThus,

0 5 10 5 2 our scheme is the following:
Time (ps)

Fluorescence Signal (a.u)

Fluorescence Signal (a.u.)

(short time)

0.0 0.5 10 1.5 20

Figure 8. Effect of the excitation energy on the femtosecond- ke ko
fluorescence transients of 7-Al in hexadecane, detected at 480 nm. The P—I—T 1)
insets show an enlargement of the short time range. ‘
P—T' 2)
IV. Discussion
. This concept was emphasized in refs 17 and 27 and is crucial

A. Time Scales of Proton Transfer.We have four observa- 4 many complex reactior®8. The solution of the kinetic
tions which are critical for the elucidation of the dynamics of equations (1) and (2) is straightforward. In Figure 9 we display
proton transfer. These are (1) the temporal behavior of the i population changes with time for P, I, anthhenk; 1 =
observed transient absorption; (2) the temporal behavior ob-55q fs,k,~ 1 = 1 ps, and the relaxation of the hot i§ 10 ps in
served in the build up of the tautomer emission; (3) the dramatic g 1. The purpose of this figure is to illustrate the consequences
isotope effect; and (4) the rise of the initial signal. In transient 4 femtosecond rearrangement and relaxation on the transfer
absorption foIIowin.g. excitgtion at the lowest energy (320 NnmM) for the first proton and the overwhelming population of T at
near the 0,0 transition (Figure 2) we observe the 1 ps decay|onger times. Hence, it is critical to resolve the early dynamics
and the 10 ps decay (Figure 3). The tautomer emission at 480yith proper femtosecond resolution and to examine the isotope
nm similarly rises with the two distinct time constants, 1 ps effect and any rise on such time scales. Clearly, the steady-
and the 10 ps (Figure 6); the fluorescence at 360 nm decaysstate emission will be dominated by the T emission.
with the 1-ps component but with no 10-ps component present. - The tautomer must be formed in a distribution of vibrational
(The actual signal amplitude at 480 nm is much larger than energies since its electronic energy is below that of the initial
that at 360 nm.) The isotope effect of the initial decay for 360 pajr. Hence, we consider the relaxation of the distribution
nm emission detection (1 vs 5 ps, Figure 7) and similarly for following the transfer. Here, to simplify, two types of T are
the transient absorption (1 vs 5 ps, Figure 4) is striking. considered kinetically, those with essentially no vibrational

The above results indicate that both the femtosecond transientenergy (T) and those which are vibrationally hot{)T The T
absorption and fluorescence show manifestation of proton species will decay with the normal nanosecond lifetime of T,
transfer and “tunneling” and that the transfer is complete on while Ty will decay on the picosecond time scale. The change
the time scale of picosecond. The long decay component, beingof the transient absorption with the probe wavelength is very
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sl our ab initio calculations between; Sind $ state of the
| intermediate, further supports this interpretation. As in transient
(T AN Th absorption, it is expected that the | emission rises with the rate
s/ k, for 7-Al and (280 fs)* for d-7-Al), but we were not able to
c 0e ‘R\ : resolve this rise due to the lesser time resolution of the
-% 05k upconversion method and the weak fluorescence signal at 360
3 nm. Because of its better time resolution, transient absorption
g %4 experiments at 440 nm on the highly deuterium-enriched 7-Al
2 sl i sample £90%) enabled us to directly monitor this rise and
5ot 0N provided the time scale 0£280 fs. By detecting the emission
L S Y at 480 nm we directly observe the formation of the tautomer
o1 L k T ((2 ps) 4, ko) followed by the relaxation process of(10 ps)?*
j as discussed above. Note that the emission at 440 nm is also a
00 | - S, . - : I : superposition of the two species, consistent with the transient
0 5 10 15 20 25 absorption picture.

Time / ps C. Dynamics.First, we consider the preparation of the system

Figure 9. Simulation of the time-dependent populations of P, I, and  at or near the zero-point energy (ZPE) of the pair. This is typical
-(';F ff(g tgg ?gr”%ecggvgiéiﬁgggg Siﬁht?get:ext ;Jgr}:kg;gtwg gfr%t:mﬁem for the transient absorption with excitation at 320 nm. With the
channels. Noté the importance of detecting with real femtosecond equwalerpe .Of. the tW(.) hydrogen. bonds in the static structure
resolution (for D and 1), the overwhelming emission, Bnd the of the pair it is interesting to consider the nature of the process

appearance of the rise as multiple exponentials, including a 250 fs that leads to the structural changes. Because the time scale of

component. the proton motion is observed to be relatively short, compared

to the energy redistribution, the reaction center involves
indicative of the probing along the reaction coordinat&o primarily the N—-H and N---N intermolecular motions. The time
quantify this trend of probing the different populations of P, I, scale of the proton motion, however, is longer than (or
Th, and T, we solved eq 1 considering that | producesand comparable to) the changes in the electronic distribution on
T, with the following total signal: S(t) = o|N(t) + ornNmh(t) excitation and the nuclear vibrational motions of the Ml and

+ o1cN1c(t), whereN(t) is the population and is the relative N---N stretches. This last inequality allows for the asymmetric
cross section for absorption. Fitting the data in Figure 3 to this motion of one of the protons, and, because one moiety is excited,
scheme, we obtained the following results which agree well with the proton ultimately transfers, leading to the I. The-N
the clearly observed trend of the data. stretch is about 120 cm and the N-H stretch is about 2800

Starting with the transient absorption for 320 puampand cm%, giving 280 and 12 fs, respectively. Therefore, on the time
460 nmprobe the pronounced decay (1.2 ps) of |, which is scale of 0.2-1 ps (typical reaction times) the “asymmetric
formed in 280 fs for the deuterated species and somewhat lesgeaction coordinate” for the two particles is established.
for the nondeuterated 7-Al, is dominant. Upon probing at shorter  In the isolated pair (molecular beam experiments) the
wavelengths, the tautomer contribution becomes stronger whichevidence for the consecutive process comes from three inde-
is evidenced from the decrease of the 1 ps decay component ipendent measurements: (i) the biexponential decays observed
the transient and the increase of the amplitude of the longer by femtosecond-resolved mass spectrometry at different vibra-
decay component. It is interesting to note that measurementstional energies (indicating near zero value) and for different
of the (transient) tautomer absorption spectrum in the electronicisotopic composition of the reactive hydrogens, labeled HH, HD,
ground stat® showed a maximum at about 380 nm. This is DD;’ (i) the rise and decay observed by femtosecond-resolved
consistent with the tautomer-type absorption found in 7-MeAl Coulomb explosiof which arrested the intermediate and
(see Figure 2). Assuming that the excitation remains localized showed the corresponding two decays observed in ref 17 as
on onlyone7-Al moiety in the pair, as shown theoreticaffy?? rise and decay; (iii) the subpicosecond photoelectron spéctra
the excited tautomer state is expected to have similar absorptiorof reactive and nonreactive dimers with the former having a
properties as the monomeric tautomer in the ground state sincdlifetime of less than 1 ps, consistent with both femtosecond mass
one member of the pair can be viewed as being in its electronic spectrometry and Coulomb explosion experiments. The results
ground state. Finally, at 394 nm the decay of the intermediate of ref 17 give different; (first transfer) and- (second transfer)
and the rise of the tautomer cancel each other almost completelyfor the vibrational energiess) and isotopic compositiont; =
(Figure 3). With the same model we obtained the effective cross 360 fst, = 1.7 ps E ~ 1 kcal/mol);7; = 650 fs andr, = 3.3
sections for the four probe wavelengths studied: At 394Rm, ps € ~ 0 kcal/mol); andr; = 3 ps andr, = 25 ps for € ~ 1
= ot (total)loy = 1.8; 410 nmR = 1.2, 440 nmR = 0.8; and kcal/mol), for the{ ND, ND} species. At the same total energy
at 460 nm,R = 0.4, reflecting a factor of 4.5 change in the of ~1 kcal/mol, the{ND,NH} mass peak gives; = 1.5 ps
ratio (see Figure 3). Accordingly, in the blue side of probing andz, = 11 ps, representing, remarkably, a close average for
we are detecting preferentially the tautomey,ahd T, and in {NH,NH} and{ND,ND} constants. For th& ~ 0 case, the
the red side of probing we observe more of the | species. The gbserved deuterium effect indicates the presence of tunneling
10-15 ps component thus is a measure of the vibrational cooling and the isotope effect is the largest since these experiments were
of Th, which leads to sharpening of the hot spectft@n the performed in a molecular beam with the average internal energy
other hand, the nanosecond background is due to the T peing less than about 10K. The ZPE of the-N stretch is
population decaying with 3.2 ns. ~1400 cn1? while that of N++N is ~60 cnl. Thus, in the

The fact that the fluorescence upconversion signal at 360 nmsimplified two-dimensional PES picture the barrier must be
(Figure 6) decays wit a 1 pstime supports the above picture considered as the value above these ZPE up to the saddle point
with this emission originating from the intermediate state on (see appendix), and its change as theNImotion takes place.
this time scale. A large transition dipole moment, obtained by In other words, the M-N motion is critical in bringing about
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Figure 10. Adapted from ref 22 (see Acknowledgment): Comparison between the semiclassical and the full quantum mechanical wave packet,
reduced to the space of reaction coordinaiesndr, (see text) at various different times after excitation: (a) O fs, (b) 48 fs, (c) 97 fs, (d) 164 fs.
Wave packets are represented by five contour lines equally spaced by 0.045 units in the00L885range of amplitude; is the coordinate for

the first proton transfer. The wave packet indeed visits this space or208 fs time scale (see text).

the transfer. In fact, in the gas phéthis mode is prominent  are similar to the ones reported here in nonpolar solvents (
in the excitation spectrum and is indeed a promoter of proton 280 fs (DD),r; < 130 fs (HH), andr, = 1.2 ps (HH)). The 10
transfer. It is evident that, given the observed time scales, theps relaxation indeed reflects the role of the solvent-induced
multidimensionality (at least two dimensions) of the PES must relaxation as the experiments on 7-MeAl (in the absence of
be considered’ proton transfer) demonstrated. The effect of thermal energy is
Molecular dynamics calculations by Guallar, Batista, and very significant in view of the fact that the barrier is small and
Miller22 indicate such effect of dimensionality. In Figure 10, the N---N mode of 120 cm® accelerates the rate of proton
we show their results for the motion of the wave packet initially transfer, as evidenced by the spectra in supersoniédjéts.a
localized on the femtosecond time scale and considering theconsequence of this thermal averaging, the isotope effect will
reactive hydrogen displacememt)(and the N--N symmetric be large but not as large as observed in the beam experiments.
motion {2) among all modes. After the first 100 fs of nuclear In the condensed phase, excitation involving the Nlmode
motion in the N--N coordinate (relaxation) thérst hydrogen will be altered by the possible coupling to the solvent bath
moves in steps of~200 fs, entirely consistent with the modes. If energy dissipates from the-NN motion to the
experimental results. The authors point out tleeninanceof solvent, then we expect a slowing down of the transfer. On the
the consecutive two hydrogen motions, and the localization of other hand, if the mode acquires energy from the bath, because
the initial excitation on one monomer in the pair; the barrier of its low energy, the transfer may accelerate. The fluctuations
for the concerted process was found to be located at higherwill determine the net change of the rates. Another influence
energies. They also make the new assertion that the intermediatef the solvent is in the static perturbation of the potential energy,
is more “covalent” in nature. which may be different along the reaction path, especially in
In nonpolar solvents, such as those used here, the barrier ispolar solvents. In the gas phase we have calculated the barrier
expected to be similar to that for the gas-phase species. Theheight for the first transfer using the tunneling frequency
solvent perturbation is in inducing vibrational relaxation and expression (1D and 2D, barrier #81.3 kcal/mol), indicating
mediating intramolecular vibrational energy redistribution (IVR). the effect of vibrational excess energy below and above the
Note that in the isolated molecule (microcanonical) there is no barrier!”
energy relaxation. Since the time scale of the transfer in the At higher excitation energies (e.g. 266 nm), the rise of the
solution phase is hundreds of femtoseconds to 1 ps, we cantautomer emission (480 nm) still shows the 1 and 10 ps
neglect the effect of the solvent-induced relaxation wken components. The decay of the emission at 360 nm also shows
small and time scale femtoseconds to 1 ps. The major influencethe 1 ps component, with a large isotope effect of about a factor
on this time scale is the room temperature initiedrmal energy of 5. In the kinetics description discussed above, we quantified
of the pair in the solvent. In other words, in solution the initial the analysis, considering the presence of all species HH, HD,
excitation carries with it enough thermal energy (in this case and DH, and DD: the decay when fitted gives the 1 ps (28%)
comparable to or larger than the barrier height) that the rates inand 5 ps (78%) decay components, indicating that the sample
solution have to be larger than those observed atHow the contains some nondeuterated species (22%), consistent with
gas phase. In fact, it is remarkable that the rate constants of isotopic enrichment 0£80% on the monomer; (thus [DBF
= 200 fs andr, = 1.6 ps in the gas phasel&t= 1.5 kcal/mol 64%, [HD],[DH] = 32%, [HH] = 4%); note that for emission
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measurements we used the old method of deuteratiu for
transient absorption we used the new metha@(d% D). On

the other hand, the apparent rise of emission at 480 nm is
misleading, and when fitted properly we actually obtained
similar results to the decay: 1 ps (28%) and 37% for the 5 ps
and 35% for a 20 ps component. The 20 ps component does
not show up on the decay since it is due to relaxation in the
tautomer. Accordingly, both the femtosecond transient absorp-
tion and upconversion results are consistent with the general
scheme outlined above. This isotope effect and the critical
transient absorption measurements with high time resolution
proved to be very important for the overall picture, and have
not been examined before, as discussed below.

The wave packet launched in the pair at higher energies
bifurcates into the | direction and the T direction. However, -
this bifurcation can be biased toward T by the many nonsyn- 10 1.2 1.4 18 1.8 2.4
chronous trajectories which do not visit the | w&lln general, FENLHY A
excitation above the barrier will form wave packets which
contain t\fo type_s of states, those with r_10nreact|_ve mauies surface obtained from our ab initio calculations at the CIS/4-31G level
Mg, ...,Nr = 0,nr = 0, ...,n;lland those which contain the-AH of theory (see text for details). The plot shows two extreme trajectories
and N--N modes|ny, Nz, ...,ng # 0,/ # 0, ...,nLIThus, some  for the initial wave packet: the fully synchronous, diagonal pathway
population, after fast vibrational relaxation (VR), will proceed for concerted double proton transfer (dotted) and the consecutive
along the reactive coordinate(s) similar to the low-energy pathway via the intermediate well (dash-dot). We also show the family
excitation while others may thermalize (IVR) and undergo Of asynchronous motion (see ref 27).

barrier crossing. Any direct motion toward the tautomer, which o . . . -
must compete with vibrational relaxation, will appear asyn- makes a simplified discussion about the involvement of specific

chronous concerted as the process occurs at much highetstates'very difficult. Thus, the actual electronic pathway from
energies above the barrier; entropically the synchronous con-tN€ Pair to the tautomer state depends on the coupling between
certed motion will be very unlikely’28 1t is interesting that a _these electronl_c states. On the ba_3|s of the assumption that there
barrier crossing process at room temperature with a preexpo-IS strong co_uplmg t_)etwegn low-lying states, we have calculated
nential factor of~102 s~ will have a rate of~(L ps) for a the adiabatictwo-dimensional PES for the pair along the two
barrier of~1.5 kcal/mol. The fact that our experiments at 320 Proton coordinates; i.e., we consider always the lowest excited

and 266 nm excitation give similar rates and isotope effect SINglet state for each nuclear configuration.

supports that the VR at these high energies is competitive. _Flgur.e 11 shows a contogr plot .Of the calculated two-
. . . dimensional PES. The calculation implicates thayachronous
D. Ab Initio Calculations of the PES. Various papers have

b blished lectronic struct lculati for the 7-Al (diagonal) motionalong both coordinates is associated with a
een publishe ﬁn etic rgnlcs ruc uref cg_czugaé%rlsge’or_rhe " substantial energy barrier compared with relatively low-energy
monomer as well as the dimer ('s.ee rets o;-24, )- The barriers for the sequential process(es). Hence, these results

dimer has been studied in its initial, intermediate, and tautomer

tates. H there has b it ‘t th ; t_azupport the nonconcerted mechanism, as do the reported
states. However, theré has beéen no attempt to scan the potent xperiments on isolated reactions, here in nonpolar solvents,
energy surface (PES) along the two proton coordinates, which and by recent theoretical calculatidhat the CIS/6-31G level

is needed to elucidate the_ actual reaction coordinates for dOUbIeof theory. Furthermore, it is worth noting that the excited-state
proton transfer. As mentioned earlier, the work of Guallar et

- . . h energies of the initial base pair and the final tautomer config-
22
al*% provides .the PES in the configuration space of the N uration without nuclearelectronic reorganization involving all
and N—-H motions.

other coordinates are similar (within 0.3 eV); the net asymmetry
A feasible method to calculate the energy and structure of of the potentials for the initial and final states occurs as a result
excited states in molecular systems of the size of the 7-Al dimer of the reorganization.
(30 atoms) is the single excitation configuration interaction (CIS)  To test the reliability of the computational method used we
approximatiori”.“ It is well-known that the method overestimates also calculated the one-dimensional PES a|ong a Siné{e N
excitation energies due to insufficient treatment of electron H...N% bond (i.e. the first step of proton transfer) for different
correlation effects. Therefore, vertical excitation energies are N1...N? distances in order to study the influence of the heavy-
often scaled to be comparable with experimental data. However, atom distance change on the reaction barrier. In this calculation
as far as relative energy changes on the excited-state PES arg)| other internal coordinates have been varied freely. As shown
concerned, the method can provide valuable insights. Here, wejn Figure 12 the barrier is reduced by 60% if the W distance
report calculations of the PES for the pair. The calculations were changes from 2.93 to 2.73 A. These results are in qualitative
carried out with Gaussian at the CIS level using the 4-31G  agreement with theoretical models for single proton-transfer
basis set. The completely optimized base pair structure in its yeaction<®
lowest excited singlet state was used as a start geometry. The E. Conclusion and Comparison with Other Work. The
two proton coordinates were varied from 0.9 A (initial) to 2.0 jsolated pair dynamics are understood from the experimental
A (tautomer) while all other internal coordinates were kept and theoretical studies. Three different experimental approaches
frozen; the equilibrium N-H bond distance in the pairis 1.0  of time resolution have given consistent results regarding the
A. In total, 144 points were calculated on the excited-state time scales and the consecutive dynamics of the transfer:
potential energy surface. femtosecond-resolved mass spectroniésiiows the exponen-
Our ab initio calculations show that there are at least five tial decays of P, I, and T; femtosecond-resolved Coulomb
excited-state crossings along the reaction coordinate whichexplosiod® shows a rise and decay for the intermediate I; and

riW-HY dki

Figure 11. Contour plot of the two-dimensional potential energy
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2.0 and thus the dominance of a covalent (biradical-type) intermedi-
ate; the zwitterion intermediate will come in at shorter-N
distances.

In nonpolar solvents the isolated pair picture is a basic one.
We resolve a 130 fs (HH), 280 fs (DD) rise for the first transfer
and close to 1 ps (HH) and 5ps (DD) for the second one. These
reaction times in 3-methylpentane and nrhexadecane are
remarkably close to those observed in the isolated pair (mo-
lecular beam) when the vibrational energy exceeds the barrier
height. For example, when the excess energy was 1.5 kcal/mol,
the observed decay time constants were 200 fs and 1.6 ps. The
key point here is that on these ultrashort time scales the energy
dissipation to the solvent or by the solvent is only significant
0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 when the molecule in solution is excited at high energies. Thus,

at low energies (such as in our experiment near the 0,0 transition
r(N-H) /A :
) ) ) ) ] at 320 nm), the solvent effect is a room temperature thermal
Figure 12. One-dimensional potential energy surface for the first gy itation. In such molecules as 7-Al pair, the thermal energy
transfer in the 7-Al dimer computed for different-N\N distances (see e . . . o
text for details). Note the lowering of the barrier as the-N distance is significant when Compared'WIth the barrier height and it is
decreases. therefore reasonable to predict those rates based on “above-
the-barrier” gas-phase (molecular beam) values, of course with

subpicosecond photoelectron stifishows that the excited state  Proper thermal averaging. This problem is remigiscent of
lifetime of the pair is substantially less than a picosecond. As Stilbene isomerization with a barrier of3 kcal/mol*’ The

pointed out earliet” the observed femtosecond decay of the iSotope effect in solution should be less than in the beam
pair is also entirely consistent with the spectral broadening &XPeriment because of the thermal averaging and the fact that

reportedfor the reactive pair in supersonic jets, especially when 1N Such cases the isotope effect could be dominated by "above-

the Ne+-N (120 cnT) mode is involved; nonreactive pairs were the-barrier” to *below-the-barrier” energy loweriri§Solvent-

also studie#®1419ith the suggestion of a T-shaped geometry induced vibrational relaxation in the tautomer (spectral narrow-
. o . . "~ ing) is observed on the tens of picoseconds, consistent with the

thilh;gtrj:gagétmhir:ipg;tr?gni?:;ngg::li)?(\a/iseexet\c/vogzlfjﬁir:svv;? results of Tahara et &%earlier?> we interpreted this component

differently because of the lack of time resolution to observe
the CIS level of theory, that of ref 22 and the results reported the first sytep
here, indicate the two-step mechanism with the barrier for the o robser.ed isotope effect in solution is different from that
synchronous, concerted motion being higher in energy. More- u vedi P ! uton'is ¢

over, the molecular dynami&picture elucidate the motion of \?vg?/irl\(/aid thbzva-gae:tazrio itm%hiucrrt]h;;g]v%r%’qetgzlrg-e)c()(i;rl]t?gggr
the wave packet in the NN and N-H coordinates and give 9 ! P 9y-

time scales for the nuclear relaxation(00 fs) and for the first _The authprs reportec_i a small component-a0 fs and relate
roton transfer (200 fs steps). The excitation was shown to be It to the idea of exciting the 4 state f_oIIowed by relaxation

Fnainl localized on one moiét and that the intermediate is into the lower-energy 4 state from which the proton transfer

m tly valent in natur ; tyn vs hvdrogen atom transfer: occurs concertedly. The observahilarity of the isotope effect
ostly covale ature (proton vs ydrogen ato anster; o the fluorescence (380 nm) decay and fluorescence (540 nm)

proton/electron transfer). It was emphasized earlier that the one-

di ional pict f oroton t for i i iat dth trise made them suggest a 200 fgll, conversion and 1 ps
imensional picture of proton transier 1S inappropnate and that ¢, erta, double-proton transfer. We have some points to make.
the dynamics of concerted and nonconcerted motions are th

Crirst, all their experiments were made using fluorescence

consequences of the symmetric and the asymmetric nuclear,,qnyersion with time resolution less than that of the transient
vibrations” The MD simulation is entirely consistent with this

absorption reported here and it is difficult to probe along the

reduced 2D picture, as IVR to other modes is on a longer time o4 ¢tion coordinate without both types of experiments as shown
scale. Finally, the initial femtosecond excitation forms a pgre.

localized wave packet in the nuclear coordinate space, and this
localization is associated with electronic charge redistribution ;"<\ \tions is a nontrivial task as for 7-Al there is exchange

from the five- to the S|x-.membered fng. of D with water from the environment; this is not a problem

In the gas phase, the isotope effect and energy depenidence for the studies made using mass spectrometry, as discussed
are in agreement with a barrier reaction involving tunneling, gpove. We had to develop a new way of obtaining high
observed also at near 0 kcal/mol of excess vibrational energy enrichment and indeed when we reached the 90% (or even
(see Appendix). The barrier for the first transfer is estimated to higher) we observed a clean isotope effect on the rates. A sample
be ~1.3 kcal/mol ¢-500 cntt) and for the second step, from  of 60% enrichment will give a misleading apparent rise (or
the isotope effect to be at least 2.6 kcal/mol. In the jet spéétra, decay) dominated by contributions from three species (HH, HD/
the N---N bond narrows upon deuteration, consistent with the DH, and DD pairs), as discussed in the text. Third, the issue of
trend observed in the rates, but because the lines are inhomo4i , and L, interconversion is inconsistent with the results of
geneously broadened they do not reflect the actual change inGuallar et af? who found that the oscillator strength to the
the dynamics. Following the femtosecond wave packet excita- ground state for the lis much larger than that of the,state,
tion, the nuclear relaxation with motion in the-NN coordinate with the excitation being monomer type. This is consistent with
will bring the proton closer to the nitrogen and on this time our ab initio calculation at the CIS level. Because of the fact
scale the asymmetric motion leads to the first proton transfer. that the authors excited the pair at 270 nm, the relatively small
According to the results of Guallar et #lthis first transfer is 200 fs component could be explained as due to VR/IVR in the
accompanied by electron transfer between the two monomers,pair, similar to our 266 nm excitation at energies much above
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Second, it its important to realize that the isotopic enrichment
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the barrier and where the wave packet is composed of reactive
and nonreactive modes. Note that relaxations in the initial pair
are different from those of the tautomer; the former is reactive
and has a barrier, i.e., many continuum states are available (fs
relaxation) while the latter cools only by VR/IVR.

Our picture in the condensed phase is consistent with work
on the picosecond time scdfe At room temperature they
observed the rise of the tautomer emission (480 nm) witfbn
ps, not resolved. However, as they lowered the temperature to
77 K they observed an additional much slower rise which they
attributed to the “cold” distribution of molecules made possible
by VR; excitation was at 263.5 nm. The emission spectra at
low temperature for different excitation wavelength gave a
barrier of ~700 cntl. Share et al® reported an excited-state
reaction time of 1.4 ps (HH) and 4 ps (DD) with a time
resolution of 0.3 ps. This isotope effect is also consistent with
our factor of~5 observed in transient absorption and emission,
but not in agrt_aement W'th the results reported in ref _24' T_he_ Figure 13. A schematic defining the tunneling'} and barrier crossing
reported transient absorption of Share et al. showed a rise within(kA) rates and parametei&is the available energy above the ZF,
their pulse with no decay at longer times (up to 6 ps). This was is the barrier height measured above the ZPE, ani$ half of the
attributed to a decay channel into the ground state of the width of the barrier parabol&” is given in the Appendix ank* is the
tautomer. Near this wavelength of probing (375 nm) we have standa_rd Arrhenius (_axpr_ession. No_te thgt 'ghe inse_t represen_ts_the picture
shown that the transient absorption is composed of two drawn in many publications (classical limit) and is only valideif >
contributions, that of the intermediate and the tautomer, and in

fact this addition leads to a cancellation which results in an o . . .
- - - the distinction for different trajectories. Second, for systems
observed transient very similar to the one we present in Figure . . - -
undergoing proton transfer, with mixed covalent and ionic

3. As discussed above, from theory, the tautomer excited species haracters along the reaction path. the comparison between
is expected to have one of the moieties in the ground state, and’ 9 path, P

thus has similar absorption; the ground-state tautomer absorb§heory (of _PES) and experiment is valid only in _the isolated
at~380 nm, as confirmed by studies on the microsecond time molecule; in the solvent, the energy of the transition state or

; ; the potential minima could be altered and the comparison
scale and by the absorption of model tautomer 7-MeAl (Figure
2). y P (Fig becomes ill-defined. Furthermore, as pointed out by Rétse

ingham and EI-Bayouniin a thorough study, have shown - 327 20 I S0P NS B OR O e ence
that the fluorescence of the tautomeg)(Eo that of the initial P ' P i ’

i . . the comparison should be made with this fact in mind. Finally,
population (f) changes with temperature. At steady state this the branching of trajectoriés?8is general in isolated elementar
ratio of F/F; was related to an Arrhenius activation yielding a and com Iexgreactijons including roton trandfeand the time y
barrier of 1.4 kcal/mol, in excellent agreement with the value P ’ gp n

obtained from the tunneling times measured in the molecular scale of so_lvation dyn_amics, relative to thoge of the intramo-
beam experimentd.Furthermore, the #F1 ratio does not vanish lecular motions of the I!gh_t an_d heavy atoms, is what de.termlnes
at low temperature, supporting the tunneling mechanism. The € €lementary description in the condensed phase; the two
effect of deuterium substitution (see refs 17 and 39) is not as '€9imes involving intramolecular transfer with solvent reorga-
large as observed in the beam experiment (see Appendix). Aghization or transfer along a global solvent coordirfdte.
discussed in the text, the full isotope effect of tunneling can
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In conclusion, the big picture of double proton transfer is Appendix. Tunneling Rates and the Effect of ZPE
clear: both protons (hydrogens) are transferrecd. pstime
scale when the internal energy is near (or above) the barrier In Figure 13, the key parameters are defined for tunneling
height value. Only when the internal energy is low (beam and and (above) barrier crossing rates. A point that has been
low-temperature experiments) can we examine the processeverlooked is the classical limit. In many publications, the
of tunneling and nonconcertedness. Two cautionary remarks arebarrier height is considered from the bottom of the well to the
worth mentioning. First, for a low-barrier reactiéf*the influ- top of the barrier. The tunneling frequency (rate, when the
ence of the thermal energy in solutions is significant, and this asymmetry of the potential induces irreversibfiyis calculated
averaging will reduce the apparent isotope effect and make fuzzyaccording to the expression:
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T8y
kK'=vexp|— —V2m(E, — B)

wherev is the reaction-coordinate frequency-(N mode),ap

is the half-width of the energy barrier afig is its height,E is

the available energy above the ZPE, amis the effective mass

of the particle. In the case wheEg is very large compared to
the ZPE, one may justify the neglect of the ZPE and an
expression for the isotope effect may be writtezgnsidering
only the change of the frequency (NH/ND) and the mass of the
particle (H/D). However, for the 7-Al system, the ZPE of the
N—H coordinate is~1400 cnt! and theE, value is~500 cntl.
Accordingly, Eg is the value above the ZPE (to the top of the
barrier) and upon replacing H by D, the isotope effect will
manifest itself not only in the mass change but also in the new
value ofEg (measured from the ZPE of now1000 cnt?) and

the increased distance(= 0.36 A) over which tunneling
occurs.

(A1)

For the 7-Al system, we calculated the rate and the isotope

effect using the above equation: f&n = 500 cnT?, a',S' =

0.27 A73% yy_y = 2800 cnt?, andmy = 1, we obtained:
k, (E=0)~ 0.6 ps

k. (E ~ 1 kcal/mol)~ 0.1 ps

Fiebig et al.
K"{(N—H, N--N) ~ 0.5 ps
k™{(N—D, N---N) ~ 350 ps

illustrating the influence on reducing the isotope effect; the
reduced mass for the-NN motion (7-Al dimer) is taken to be
59. As shown in Figure 12, the -NN distance controls the
barrier height and any calculation of the isotope effect must
take into account the dynamics in the-N and N--N nuclear
space.

Note Added in Proof. In a recent paper from Castleman’s
group (D. E. Folmer et al., PNAS, to be published) the effect
of water solvation in a molecular beam was studied for the
reactive and nonreactive pairs. They showed that the dynamics
in the reactive pair is a two-step process and that solvation by
water facilitates the proton transfer in the nonreactive dimer.
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